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Sclerotinia sclerotiorum (Lib.) de Bary is fungal pathogen that attacks 
over 400 plant species worldwide, causing Sclerotinia stem rot (SSR), an 
important disease in canola (Brassica napus L.). In Australia, SSR disease is 
one of the major soil-borne diseases in the canola industry. Furthermore, 
SSR has emerged as a serious problem on canola production in Western 
Australia (WA) over the past few years where crop losses can be up to 40% 
in the worst affected crops. Current management of Sclerotinia disease 
mostly relies on cultural and chemical control options that often only provide 
partial and/or sporadic control and can be cost prohibitive. Biological control 
is one of the alternatives to control soil-borne fungal diseases on brassica 
and there is an increased interest in biological control encouraged by public 
awareness about issues related to the use of chemical pesticides and  
biological control will likely become more important in agricultural systems in 
the future.  
The research in this thesis addresses major gaps in knowledge on S. 
sclerotiorum on canola in WA through examination of the biological 
characterization of WA isolates of S. sclerotiorum, their pathogenicity on 
canola, and the possibility of applying biological control in the field. The 
research involves plant and soil sampling to collect isolates of the pathogen 
and potential local Biological Control Agents (BCAs); laboratory, glasshouse 
and field experiments to identify biological characteristics and pathogenicity 




 One hundred and forty isolates of S. sclerotiorum were collected from 
WA canola growing areas between 2009 and 2014. Isolate growth on PDAA 
(Potato Dextrose Agar + Aureomycin) medium at 24 and 48-hours showed 
highly significant (P≤0.001) differences between isolates. The number of 
sclerotia produced by isolates over 14 days in-vitro varied from 0 to 50 
sclerotia per colony with highly significant differences between isolates 
(P≤0.001). More than 25 isolates (17.9%) formed an average of 20 sclerotia 
while 15 isolates (10.7%) did not form sclerotia and only one isolate (0.7%) 
formed 50 sclerotia. The general colour of the mycelia of the WA isolates of 
S. sclerotiorum was white but variation was observed from white to grey. 
Pathogenicity on 10 day-old canola seedlings varied among isolates, 
both after 48 hours incubation in a misting chamber and after another 48 
hours in a growth room. Pathogenicity of fungal pathogens is one of the indi-
cators used to determine variability among isolates. S. sclerotiorum has a 
wide host range and many studies have shown that it is differentiated in 
pathogenicity. Results of mycelial agar plug inoculations on 10-day old seed-
lings indicated that there was variation in pathogenicity among the isolates 
of S. sclerotiorum from WA and these were categorized as having low, 
medium or high level of pathogenicity. There were highly significant 
differences (P≤0.001) in seedling mortality among isolates at 48 hours after 
incubation in a misting chamber. In addition, there were highly significant 
differences (P≤0.001) in seedling mortality at 48 hours after being placed 
into a growth room. At 48 hours after incubation in the misting chamber, 




isolates caused 0% mortality. The highest frequency of seedling mortality 
was 10% caused by 44 isolates. Pathogenicity was further investigated after 
seedlings were returned to the growth room for another 48 hours. Here 33 
isolates caused 100% seedling mortality.  
Research on variability of fungal pathogens has been conducted for 
many species, including S. sclerotiorum, all over the world. One of the 
conventional methods used is Mycelial Compatibility Groups (MCGs). Mycelial 
compatibility is an indirect measure of genetic diversity in fungal populations, 
and can show the degree of relatedness between or within MCGs. A total of 
31 WA isolates of S. sclerotiorum, representative of a range of pathogenicity 
levels, were chosen for MCG tests. The 31 isolates were classified into 9 my-
celial compatibility groups.  
Fifteen potential fungal biological control agents (F-BCAs) and three 
potential bacterial biological control agents (B-BCAs) were isolated from 
canola growing regions in WA. The potential F-BCAs were grown in Petri 
dishes on PDAA. Mycelial colour showed wide variation, from dark green to 
white. Radial mycelial growth at 24 and 48 hours differed (P≤0.001) be-
tween isolates. At 24 and 48 hours after incubation, isolate F-BCA9 had the 
highest radial mycelial growth rate with a diameter of 3.2 and 8.5 cm, re-
spectively. All potential F-BCA isolates showed some capacity to inhibit the 
radial mycelial growth of S. sclerotiorum as well as reduce the number of 
sclerotia formed by the pathogen in dual culture tests in Petri dishes. There 
were significant differences (P≤0.001) in the magnitude of inhibition of radial 




Isolates F-BCA12 and F-BCA15 totally inhibited the formation of sclerotia by 
the pathogen. Colonization of sclerotia in soil indicated that sclerotia were 
colonized by the spores of each F-BCA and therefore all sclerotia in the 
presence of F-BCAs could not form any new sclerotia in Petri dishes.   
The colony colour of the 3 potential B-BCAs ranged from yellow to 
whitish yellow. Isolate B-BCA3 had the fastest colony growth rate. There was 
no significant difference among the potential B-BCAs in their ability to inhibit 
radial mycelial growth (57 - 59%) of the pathogen (P=0.934>0.05) or for-
mation of sclerotia (89 - 95%) (P=0.079>0.05).  
Using Sanger Sequencing molecular tools (ITS regions), the F-BCAs 
were identified as Trichoderma atroviride (four isolates), T. gamsii (three iso-
lates), T. koningiopsis (two isolates), T. longibrachiatum (two isolates), T. 
paraviridescens (two isolates), T. pseudokoningii (one isolate), and T. viri-
descens (one isolate). Identification of B-BCAs through 16S rRNA sequencing 
revealed that B-BCA1 and B-BCA2 were Serratia proteamaculans while BCA3 
was Ochrobactrum anthropi.  
Three field experiments were undertaken with canola to evaluate effi-
cacy of BCAs. Experiment 1, conducted in 2014 was established as a 
Randomized Complete Block Design. However, no SSR disease symptoms 
were observed and there were no significant (P=0.2744>0.05) yield differ-
ences between treatments at harvest.  
In field experiment 2 undertaken in 2015, a Randomized Complete 




replication inside the treatment due to limited space. Because of pseudo-
replication, Restricted Maximum Likelihood (REML) analysis was used to 
evaluate treatments effects. There were differences (P<0.001) among the 
BCAs in controlling SSR disease and there was an interaction (P<0.001) be-
tween BCAs and the flowering stage of pathogen application. Protein and oil 
contents of canola seed harvested were analysed and there was a significant 
effect on the protein content between treatments due to the application of 
BCAs during the green bud phase (P=0.022<0.05) and also on the applica-
tion of the pathogen during different flowering times (P=0.019<0.05). In ad-
dition, there were significant differences in oil content between the treat-
ments from the application of BCAs (P=0.030<0.05), but there was no signif-
icant difference in oil content between treatments on the application of path-
ogen at different flowering stages (P=0.051>0.05). The protein content of 
the untreated control treatement was significantly higher compared to the 
BCA treatments, but for oil content it was significantly lower compared to the 
other treatments. The best BCA for grain oil content in experiment 2 was B-
BCA1. 
In the second experiment undertaken in 2015, the RCFD consisted of 
fifteen treatments with pseudo-replication inside the treatments. Clear symp-
toms of SSR disease were apparent when the canola crop was sprayed with 
S. sclerotiorum. The REML analysis revealed significant effects among the 
BCAs (P<0.001), and time of application of the pathogen (P<0.001), but 
time of fungicide application was not significant (P=0.901>0.001). There 




significant difference (P=0.382>0.001) between interation of BCAs and time 
of spraying the pathogen. Moreover, protein and oil contents based on dif-
ferent flowering stage of BCA application showed that seed protein content, 
when the application of BCAs was made at 50% flowering stage, was signifi-
cantly higher compared to application of BCAs at 30% and 10% flowering 
stages. The seed oil content was lowest when the BCAs were applied at 50% 
flowering. There were no significant differences in seed protein content be-
tween the treatments (P=0.854>0.05), spraying time (P=0.850>0.05), and 
flowering stage (P=0.828>0.05). Furthermore, there were no significant dif-
ferences in oil content between treatments (P=0.855>0.05), timing of BCA 
application (P=0.624>0.05) and flowering time (P=0.694>0.05). 
The flowering trial was undertaken to observe after how many days 
newly formed flowers drop their petals. Data for petal dynamics at first flow-
ering, at first petal drop, and at end of flowering, in the field and glasshouse 
showed that first flower opening occurred in the glasshouse at 74 days after 
sowing (DAS), while in field plots the first flower opening occurred 2 days 
later. First petal drop in the glasshouse was at 78 DAS while in the field plots 
first petal drop was at 79 DAS. Furthermore, flowering finished in the 
glasshouse on 109 DAS, but in the field plots flowering finished 107 DAS. 
However, there was no significant difference in timing of petal dynamics be-
tween glasshouse and field studies where the mean flowering period in the 
glasshouse was 35 days and in the field was 32 days.  
The results from these preliminary experiments indicate that local WA 




trials in grower’s fields are needed in order to observe the stability of the 
BCAs and maintenance of their virulence against the pathogen. Further 
investigation is needed to determine other mechanisms of bio-control such 
as antibiosis and myco-parasitism as well as improving formulations and 
delivery systems. Untimately, biological control products should be as effec-
tive as pesticides, economical, easy to use, non-toxic, environmentally safe 
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Chapter 1: General Introduction 
1.1 Background 
Brassica is among the most widely grown crops worldwide with varie-
ties of Brassica oleracea L. and a number of other species planted as vegeta-
bles (Koike 2007) and oilseed rape/canola (Brassica napus L., Fig. 1.1), a 
source of cooking and industrial oils. Canola is an increasingly important 
oilseed crop in the world. In Canada, canola is the largest cash crop with an-
nual revenue of $15.4 billion in 2012 (de Kievit et al. 2013) increasing to 
$26.7 billion in 2017 (www.canolacouncil.org). In Australia, canola covers an 
average of 1.19 million hectares, producing some 1.21 million tonnes with 
gross value of production of $461 million per year (Murray and Brennan 
2012) up to $2.2 billion in 2016/17 (AOF 2017). 
 
Figure 1.1 Flowering canola crop. Photo taken during field experiment in 




Despite advances in the production system, many challenges are 
faced by canola growers, especially pests and diseases. Fungal diseases are 
among the major problems during the pre-harvest stage. Soil-borne 
pathogens are still considered to be an important problem in canola farming 
systems. Sclerotinia stem rot (SSR) disease caused by a fungal soil-borne 
pathogen, Sclerotinia sclerotiorum (Lib.) de Bary, can be a major problem 
during the growing season. This pathogen is a well-known soil-borne fungus 
that attacks more than 400 plant species worldwide (Bolton et al. 2006). It is 
reported that S. sclerotiorum is one of the two major problems in canola 
farming systems in the United States (Rio et al. 2007). In Australia, SSR 
disease has been reported as one of the major soil-borne diseases in the 
Australian canola industry. Furthermore, SSR on canola caused by S. 
sclerotiorum (Fig. 1.2) has emerged as a serious problem on canola 
production in Western Australia (WA) over the past few years where crop 
losses can be up to 40% in the worst affected crops (Khangura and MacLeod 
2012). Control techniques available to manage S. sclerotiorum mainly involve 
using chemical fungicides and crop rotation as no commercially available 
resistant cultivars of canola are available for the region. Due to the severity 
of symptoms over the past few years, hundreds of isolates of S. sclerotiorum 
have been collected from WA grower’s fields. So far, the majority of the WA 
isolates of S. sclerotiorum have not been analysed for their biological charac-





Figure 1.2 Canola crop infected by the plant pathogenic fungus Sclerotinia 
sclerotiorum causing stem rot. Photo taken during field experiment in 
2015 at South Perth research station 
S. sclerotiorum is a necrotrophic fungal pathogen. It has hyaline, 
septate, branched and multinucleated hyphae (Bolton et al. 2006). No 
asexual conidia are produced, and the pathogen persists in the sclerotial 
stage which can remain viable for long periods when growth conditions are 
not favourable (Bolton et al. 2006). Mycelia or apothecia are produced from 
the germination of sclerotia depending on environmental conditions. 
Apothecia can produce ascospores that can infect the host plant leading to 
symptoms such as water-soaked lesions on the leaves which can rapidly 
expand into the petiole and stem (Bolton et al. 2006).   
Current management of SSR disease mostly relies on cultural and 
chemical control options that often only provide partial and/or sporadic 




time-consuming and high cost due to multiple applications being required 
(Zeng et al. 2012). Biological control is one of the alternatives to control soil-
borne fungal diseases on brassica and there is an increased interest in 
biological control encouraged by public awareness about issues related to the 
use of chemical pesticides (Weller 1988) and the role of biological controls 
will likely become more important in agricultural systems in the future. 
Biological control is defined as controlling plant pathogens by applica-
tion of other beneficial microorganisms (Bolton et al. 2006). It plays an 
important role in recent agricultural development; especially when consum-
ers have more concern on food safety. Thus, biological control is increasingly 
becoming an environmental friendly alternative to chemical pesticides. It is 
an ecological approach to overcoming plant disease problems instead of 
using standard chemical methods of plant protection (Matroudi and Zamani 
2009).  A specific advantage of biological control agents (BCAs) are fewer 
non-target and environmental effects, efficacy against fungicide-resistant 
pathogens, and reduced probability of resistance development (Cook 1988, 
Harman 2000).  
Some BCAs have been tested to reduce the number of sclerotia of S. 
sclerotiorum in soil and on SSR on soybean in Michigan USA. Those BCAs 
included Coniothyrium minitans CON/M/91-08 (Product name: Contans®WG), 
Streptomyces lydicus WYEC 108 (Actinovate®AG), Trichoderma harzianum T-
22 (PlantShield®HC), and Bacillus subtilis QST 713 (Serenade®MAX) (Zeng et 
al. 2012). In their research, Zeng et al. (2012) found that C. minitans was 




Sclerotinia stem rot in soybean. Furthermore, their research also found that 
C. minitans can reduce disease severity index (DSI) by 68.5% and the 
number of sclerotia of S. sclerotiorum in the soil by 95.3%. Two other 
organisms, S. lydicus and T. harzianum, reduced DSI by 43.1% and 38.5% 
and sclerotia in soil by 90.6% and 70.8%, respectively. However, B. subtilis 
only had a marginal effect on S. sclerotiorum. In addition, recent research in 
New South Wales, Australia reported some potential bacterial BCAs to control 
SSR disease in canola, namely Bacillus cereus (SC-1 and P-1) and Bacillus 
subtilis (W-67) where in-vitro and in-planta antagonism assays using these 
isolates resulted in significant inhibition of mycelial elongation and complete 
inhibition of sclerotial germination by both non-volatile and volatile metabo-
lites (Kamal et al. 2015). However, there is no report yet about exploring 
BCAs and biological control of S. sclerotiorum on canola in a different climate 
zone in WA.  
The research in this thesis addresses major gaps in knowledge on S. 
sclerotiorum on canola in WA through examination of the biological 
characterization of WA isolates of S. sclerotiorum, their pathogenicity on 
canola, and the possibility of applying biological control in the field. 
Knowledge of the biological diversity and control techniques of WA isolates of 
S. sclerotiorum will be very important in terms of theoretical as well as 
practical aspects. In theoretical aspects, accurate information on isolate 
diversity through research on biological characterization of the pathogen will 
lead to better understanding of the pathogen. In practice, better 




techniques of the disease. This research will cover both theoretical and 
practical aspects, and will contribute to enriching our knowledge of the 
pathogen and diseases caused by the pathogen, and hopefully will contribute 
to improving our methods in the future to control the disease at the farm 
level.  
 In summary, canola is one of the most important crops for industry 
worldwide including in WA. Research on optimization of canola growth and 
yield are extremely important for WA agricultural economics. An environmen-
tal friendly approach to control soil-borne disease such as S. sclerotiorum is a 
valuable research proposal. The use of fungal and bacterial BCAs is increas-
ingly important because of the cost of chemical fungicides and concern for 
the sustainable environment. This study, therefore, will explore and investi-
gate the potential use of local fungal and bacterial BCAs to control S. sclero-
tiorum on canola in WA. 
1.2 Overall research aim 
The overall aim of this research is to identify biological characteristics 
and pathogenicity of WA isolates of S. sclerotiorum and to explore the 
potential of local BCAs from WA to control the growth and development of 
the pathogen. The research involves plant and soil sampling to collect 
isolates of the pathogen and potential of local BCAs; laboratory, glasshouse 
and field experiments to identify biological characteristics and pathogenicity 




1.3 Research hypotheses 
Three key hypotheses were tested: 
H1: There will be variation in isolate’s biological characteristics and 
pathogenicity level due to different population genetics of the isolates,  
H2:  That BCAs can inhibit the vegetative growth and sclerotial production of 
S. sclerotiorum in-vitro, and 
H3: Those BCAs can reduce the impact of disease in canola caused by S. 
sclerotiorum in-planta studies.  
1.4 Objectives 
There were three objectives to be achieved in this study:  
1. To use classical tools to identify groups of WA isolates of S. sclerotiorum 
from which isolates will be selected for studies on biological control.  
2. To develop in-vitro tests to screen BCAs with inhibitory effects on 
vegetative tissue of S. sclerotiorum and sclerotial formation. 
3. To identify potential of local BCAs and their mode of action in inhibiting 
mycelial growth and sclerotial formation of S. sclerotiorum.  
1.5 Outcomes of the study  
The expected outcomes from this research will be better knowledge 
and understanding of the pathogen S. sclerotiorum as well as the potential of 
local BCAs to control disease caused by S. sclerotiorum across canola 
cultivars. Knowledge on the biology and control techniques of WA isolates of 




practical aspects. To date, this is poorly understood and could have far-
reaching implications for the canola industry. In theoretical aspects, accurate 
information of diversity through research on biological characterization of the 
pathogen will lead to better understanding of the pathogen and will also 
benefit the canola breeding programs particularly aiming at breeding for 
disease resistance. In practice, better understanding of the diversity of the 
pathogen will lead to better techniques for managing the disease. This 
research will cover both theoretical and practical aspects, and will contribute 
to enrich our knowledge of the pathogen and diseases caused by S. 
sclerotiorum, and will improve integrated methods of controlling the disease 
at the farm level which could enhance farm income. 
1.6 Structure of the thesis 
This thesis contains seven chapters including this chapter. A brief 
summary of each chapter is outlining below. 
Chapter 1 consists of a brief outline of the background to this research, 
overall research aim, and research hypotheses. It also includes the objectives 
and expected outcomes of the study followed by a brief overview of the 
thesis structure with a schematic representation and relationship between 
the chapters. 
Chapter 2 presents a literature review related to the broad aims of the 
research. This chapter includes a brief overview of canola; increasing 
importance of canola; challenges in growing canola; soil-borne diseases in 




sclerotiorum; epidemiology of S. sclerotiorum; influence of environmental 
conditions on the survival of S. sclerotiorum; alternative techniques for 
controlling S. sclerotiorum; biological control of S. sclerotiorum; potential of 
BCAs to control S. sclerotiorum; mode of actions of BCAs; general discussion 
and concluding remarks. 
Chapter 3 presents the details of the biological characteristics of one 
hundred and forty isolates of S. sclerotiorum including growth rates and 
number of sclerotia produced by each isolate. 
Chapter 4 presents the details of the pathogenicity test of each isolate of S. 
sclerotiorum in canola seedlings under glasshouse conditions and mycelial 
compatibility groups (MCGs) of the selected isolates. 
Chapter 5 describes details of the isolation process of potential local WA 
BCAs, screening process and finally identification of the BCAs to species level 
using molecular techniques. The chapter also includes in-vitro experiments 
for screening efficacy of potential BCAs. 
Chapter 6 contains in-planta experiments on biological control of S. sclero-
tiorum in two cropping seasons. In addition, a flowering trial (petal dynamics 
experiment) was undertaken to determine the timing of petal drop because 
infested petals might be a source of stem infection.  
Chapter 7 presents a general discussion of the results from all chapters with 
specific conclusions arising from this research and recommendations for 




Furthermore, any specific media used in the experiments, 
experimental data and experimental layout or other information that are not 
directly relevant to a chapter’s contents are given in the Appendices 
section. Full details of all references used within various chapters are given in 
the Bibliography section. A schematic representation of and the 














































Figure 1.3 Scheme of the relationships between chapters of the thesis 
 
General Introduction (Chapter 1) 
Literature Review (Chapter 2) 
Understanding of the pathogen:  
S. sclerotiorum 
 Biological characteristics of Western 
Australian isolates of S.  sclerotiorum  
(Chapter 3) 
 Pathogenicity and mycelial compati-
bility groups (MCGs)  of S. scleroti-
orum  (Chapter 4) 
Exploring biological control agents 
(BCAs) 
 Isolation, screening and identification 
of potential Western Australian iso-
lates of  biological control agents 
(BCAs)  (Chapter 5) 
Biological control of S. sclerotiorum: in-planta 
studies  
(Chapter 6) 
General discussion, conclusions and 





Chapter 2: Literature Review 
2.1 The crop: canola 
2.1.1 The importance of canola 
Oilseed rape, also known as rape, rapeseed oil/canola, refers to two 
species belonging to the family Brassicaceae; Brassica napus L. and B. rapa 
L. Due to the benefits of its oil, oilseed rape’s biological characteristics, its 
role in the biofuel industry, its human uses as well as the deriviation of the 
new term canola will be briefly discussed.   
 Oilseed rape originates from either the Mediterranean area or from 
Northern Europe. The genus Brassica contains approximately 100 species. 
Taxonomic studies in the 1930s established the botanical relationship 
between Brassica oilseed species. The three species with higher chromosome 
numbers, namely B. juncea, B. napus and B. carinata were found to be 
amphidiploids derived from the diploid species B. nigra (L.) Koch, B. rapa 
(syn. B. campestris) and B. oleracea L. (OGTR 2008). Brassica species have 
the following cytogenetic relationships: (a) B. carinata is an amphidiploid 
(BBCC, n=17) which probably arose from B. oleracea (CC, n = 9) and B. 
nigra (BB, n=8); (b) B. napus is an amphidiploid (AACC, n = 19) of B. 
oleracea and B. rapa (AA, n=10) and (c) B. juncea is an amphidiploid (AABB, 















Figure 2.1 Genomic relationships of the main cultivated Brassica species.  
The chromosome number is shown and the ploidy is represented by the 
capital letters.  Adapted from OGTR (2008) 
Oilseed rape is well known as canola. The term canola has been 
registered and adopted in Canada to describe the oil which is obtained from 
the cultivars of Brassica napus and B. rapa, therefore canola is a trade name 
(Bonnardeaux 2007). In 1986, the definition of canola was amended to refer 
to cultivars of the above two species which contain less than 2% of erucic 
acid in the oil and less than 30 μmol/g glucosinolates in the air-dried meal 
(Bonnardeaux 2007). The first canola-quality cultivars were developed and 
released by a plant breeding program in Canada during the 1970s. This work 
created a new, high-value oil and protein crop which gained worldwide 
acceptance (Raymer 2002). 
Ancient civilizations cultivated B. napus in some parts of the world 
such as in Asia and the Mediterranean. Also, it was grown in some non-
Mediterranean parts of Europe since the 13th century and was first grown 
B. juncea 
n = 18 
AABB 
B. nigra 






















commercially in Canada in 1942 to produce a lubricant in warships (OGTR 
2008). In Australia, B. napus was first grown in 1969. Breeding programs to 
reduce two groups of toxicants, namely erucic acid and gluconosilates, have 
been conducted intensively since the 1970s in several countries including 
Australia (OGTR 2008). 
Oilseed rape is currently the second largest oilseed crop in the world 
and provides 13% of the world’s vegetable oil supply (Raymer 2002). Canola 
oil is used for human consumption, for biofuels and, after extraction of the 
oil, the meal is a high quality animal feed (Murray and Brennan 2012). 
After crushing, canola seed becomes canola oil and canola meal. The 
meal can be sold to the livestock industry as feedstuff (canola meal) or used 
as a soil amendment or fertilizer (Bonnardeaux 2007). The production of 
canola meal will increase significantly as a consequence of the expansion of 
the biofuel industry since canola meal is a by-product of biodiesel production. 
The feedlot industry traditionally absorbs canola meal. In Australia, canola 





Figure 2.2 Canola seed flowchart. Adapted from Bonnardeaux (2007) 
2.1.2 The increasing production of canola 
 The importance of oilseed rape has significantly increased due to the 
increasing demand of oilseed rape in global markets, its contribution to the 
economic growth of exporting countries, its role as a source of premium 
edible oil, and its benefit as a winter crop (Pluske and Lindner 2001). Canola 
is the third main cooking oil coming after soybean and palm oil but before 
fourth ranked sunflower oil (Pluske and Lindner 2001). Demand for all edible 
oils depends on population growth and income of consumers. However, for 
individual edible oils, demand will be influenced by its characteristics such as 
the level of saturated or non-saturated fatty acids, the level of erucic acid, its 
storability and shelf life, medicinal properties and cooking qualities (Pluske 
and Lindner 2001). 
The largest consumers of canola oil in 1999-2000 were China and the 




Australian canola seed (Nelson 2001). During the 1990s, soybean and palm 
oil dominated the total world edible oil consumption, while canola oil supplied 
around 15% (Nelson 2001). Increasing demand of oilseed in the world 
market has a significant impact on the increasing number of growers who 
are farming canola worldwide. Furthermore, Australian canola growers are 
considered by the trade to be reliable suppliers for meeting some of the 
worldwide demand for canola oil (Nelson 2001). 
Four countries: Canada, the United States of America (USA), Brazil 
and Argentina dominate world oilseed exports, however in 1999-2000 Aus-
tralia contributed a quarter of total world exports. Australia exports oilseed to 
Japan, Bangladesh, Mexico and China (Nelson 2001). In Canada, cano-
la/oilseed rape is the largest cash crop with annual revenue of $26.7 billion 
in 2017 (www.canolacouncil.org). In 1998/1999, the canola growing area in 
WA was 9% of the total area planted to grain and oilseed (Pluske and 
Lindner 2001). Australia produced 2.4 million tonnes of canola in 1999/2000 
and WA contributed just over 40% with about 0.9 million tonnes (Pluske and 
Lindner 2001). More recent data show that canola covers an average of 1.19 
million hectares in Australia, producing some 1.21 million tonnes with gross 
value of production around $461 million per year by 2011 (Murray and 
Brennan 2012) and reaching $2.2 billion in 2016/17 (AOF 2017). 
 Australia was a small producer of canola in the world until 2000 when 
it became the fifth largest producer (Pluske and Lindner 2001). Canola start-




total area planted to canola in Australia during 1992-1993 was 0.1 million 
hectares which increased to 1.9 million hectares in 1999-2000 (Nelson 2001).  
 
Figure 2.3 Areas of canola production in Australia. Adapted from Seberry 
et al. (2014) 
 After a drop in production in 2006, Australian canola production 
increased significantly from 2007 until 2013. The distribution of canola pro-
duction in Australia is shown in Figure 2.3. Figure 2.4 shows that canola 
production in WA is greater than the other states in Australia and that the 
production has increased significantly since 2007 (Seberry et al. 2014). 
There are two main reasons for the dramatic expansion of the 




preferred oil characteristics, and second, the international competitiveness of 
Australian canola production (Nelson 2001). However, increases in world 
demand of canola oil will also be influenced by changing consumer 
preferences such as in  China, where the edible oil consumption was 25.15 
million tons in 2011, and about 23% of this consumption came from rape-
seed/canola (Wang et al. 2013).  
 
Figure 2.4 Canola production in Australia during 2004 - 2013. Adapted 
from Seberry et al. (2014) 
  Canola is grown in the winter cropping areas of Australia. Canola 
crops are usually sown from early autumn to early winter and are harvested 
in late spring.  Canola, along with field peas, lupin and some other legumes, 




wheat, oats and barley (Pluske and Lindner 2001). In addition to being a 
cash crop, canola is an important rotation crop because it can assist with 
weed control and provide a disease break in cereal production. canola Re-
duction in cereal root disease outbreaks  may be due to the release of  bio-
fumigants into the soil from canola during decay (Angus et al. 1991, Nelson 
2001).  
2.1.3 Challenges in growing canola 
Canola production is facing many challenges both technical, such as 
environmental factors of pests and diseases, as well as non-technical like 
political instability and domestic agricultural policies. Although environmental 
factors such as agronomy, soil fertility and climate change play important 
roles in canola production worldwide, constraints due to the increasing inci-
dence of pests and diseases are the major challenges facing canola growers 
in Australia.  In particular, fungal diseases are the major problems during the 
pre-harvest growth stage, and dealing with these requires an Integrated 
Disease Management (IDM) approach to reduce costs and minimize 
environmental problems.  
Murray and Brennan (2012) reported that there are 34 diseases in 
canola (Table 2.1). These diseases include six necrotrophic leaf fungal 
diseases, three biotrophic leaf diseases, nine root and crown fungal diseases, 






Table 2.1 List of canola diseases and their pathogens in Australia and its 
oilseed rape growing regions 


















U U N N 
Mycosphaerella 
capsellae 
White leaf spot U Y Y Y 
Pyrenopeziza brassicae Light leaf spot U N N N 
Sclerotinia scleroti-
orum 
Sclerotinia stem rot P Y Y Y 
Biotrophic Leaf Fungi 
Albugo candida White rust U Y N Y 
Peronospora parasitica Downy mildew U Y P Y 
Erysiphe cruceferarum Powdery mildew U P P P 




P Y U Y 
Lepthosphaeria 
maculans 





P Y P Y 
Plasmodiophora bras-
sicae 




U Y P Y 





Verticillium dahliae Verticillium wilt U U N N 
Rhizoctonia spp. 
Rhizoctonia damp-
ing off/root rot 
U Y Y Y 
Rhizoctonia solani Hypocotyl Rot U Y Y Y 
Nematodes 
Helicotylenchus sp. Spiral Nematode U U U U 
Hemicriconemoides 
cocophillus 




U Y P Y 
Ditylenchus dipsaci Stem nematode U Y N Y 

























Bacterial leaf spot U U N N 
Xanthomonas cam-
pestris 
Black rot U U U U 




Y Y U Y 
Viruses 







Cauliflower mosaic U Y P Y 




Aster yellows U U N N 
Key: Y= present in region; P = present in region but no or incomplete data on inci-
dence and severity; N = not recorded in region; U = unknown status 
Data source: Murray and Brennan (2012) 
Table 2.1 shows that three diseases of canola are present in all 
growing regions, namely Sclerotinia stem rot, blackleg and Phytophthora root 
rot. In the Western region, Murray and Brennan (2012) reported the 
occurrence of two necrotrophic leaf fungal diseases, two biotrophic leaf 
fungal diseases, six root and crown fungal diseases, five nematodes and one 
viral disease. Economic loss from canola diseases is higher than other oil 
crops in Australia (Table 2.2). 
Table 2.2 Values of present average annual losses caused by diseases to 
oilseed crops in Australia 
Crop 
Present loss per 
hectare ($) 
Total present  
disease loss  
($ millions) 
Loss as propor-
tion of gross val-
ue of crop (%) 
Canola 113 130.5 28.3 
Soybeans 98 2.0 18.7 
Sunflowers 88 4.2 18.4 




The loss in canola production is dominated by five diseases (Table 
2.3). 
Table 2.3 Diseases of canola in Australia and losses attributed to them 
Disease 
Losses casued by dis-
ease 
Potential crop loss 
$/ha $ million $/ha $ million 
Blackleg (Lepthosphaeria 
maculans) 
66.44 76.6 287.23 331.3 
Beet western yellows 
(Beet western yellow virus) 
13.34 15.4 66.69 76.9 
Downy mildew (Perono-
spora parasitica) 
11.45 13.2 - - 
Sclerotinia stem rot 
(Sclerotinia sclerotiorum) 
8.76 10.1 34.61 39.9 
White leaf spot (Myco-
sphaerella capsellae) 
6.59 7.6 13.80 15.9 
Other diseases 6.54 7.5 - - 
Total loss 113.11 130.5 419.9 484.3 
Data source: Murray and Brennan (2012) 
Table 2.3 also shows the potential losses that would occur in canola 
from the five major diseases if no control strategies were used. It is evident 
from Table 2.3 that losses from these major diseases has been reduced 







Table 2.4 Decreased losses from major canola diseases in Australia due to 





Contribution to control ($ million) by 
Breeding Cultural Pesticides 
Blackleg 254.6 123.6 63.8 67.2 
Beet western yellows 61.5 30.5 0.0 31.1 
Sclerotinia stems rot 29.8 0.0 28.7 1.1 
Hypocotyl Rot 16.2 0.0 16.2 0.0 
White leaf spot 8.3 0.0 8.3 0.0 
Data source: Murray and Brennan (2012) 
Notable, the contribution of control of Sclerotinia through breeding 
resistant varieties is zero.  Therefore control largely relies on cultural 
practices.  
In conclusion, canola production faces many challenges, both 
technical and also non-technical. Technical challenges include environmental 
conditions and biotic factors such as pests and diseases, while non-technical 
challenges include global and local political policy. 
2.1.4 Soil-borne diseases in canola 
Soil-borne diseases are one of the major problems in growing oilseed 
rape. It is well known that many pathogens, both microscopic and sub-
microscopic, threaten crops and cause significant damage (Litholdo Junior et 
al. 2011). There are many kinds of soil-borne pathogens of oilseed rape such 




Necrotrophic pathogens are an agriculturally important group of 
destructive pathogens. One of them is Sclerotinia sclerotiorum (Lib) de Bary 
that attacks more than 400 plant species and is one of the most important 
diseases in oilseed crops in the world. Disease losses caused by Sclerotinia 
species all over the world exceeds millions of dollars annually (Litholdo Junior 
et al. 2011). Sustainable research on this issue is becoming more important 
since there is: extensive crop damage, no available resistant variety and 
difficulty in managing this disease (Litholdo Junior et al. 2011).  
Soil-borne pathogens such as S. sclerotiorum and Rhizoctonia solani 
are the major constraints to current canola production all over the world. 
Disease caused by S. sclerotiorum can be a very serious problem causing 
Sclerotinia stem rot (SSR) disease in canola. This pathogen can infect canola 
crops resulting in severe disease outbreaks in the USA (Bradley et al. 2006, 
Del Rio et al. 2007, Isakeit et al. 2010), Canada (Kohn et al. 1991), Iran 
(Barari et al. 2011, Karimi et al. 2011, 2012), Turkey (Mert-Turk et al. 2007), 
China (Sun et al. 2005), Brazil (Litholdo Junior et al. 2011) and Australia 
(Hind et al. 2003, Khangura and MacLeod 2012, Sexton and Howlett 2004). 
Stem rot disease on canola caused by S. sclerotiorum is a major yield-limiting 
factor in canola production in China where yield loss ranges from 5 to 30% 
annually with an incidence of 5% - 80% (Zhang et al. 2013).  
 The primary methods for managing SSR in canola are rotation with 
non-host crops and application of foliar fungicides (Bradley et al. 2006). 
However, controlling Sclerotinia disease using foliar fungicide is expensive, 




be lessened if a resistant variety of canola is available (Bradley et al. 2006). 
Also, sclerotia of S. sclerotiorum are naturally persistent in the soil. 
Therefore, use of crop rotation alone will not be effective to control 
Sclerotinia stem rot disease (Bradley et al. 2006). Better understanding of S. 
sclerotiorum may lead to improved control techniques to reduce the impact 
of SSR and improve the sustainability of oilseed rape production. 
2.2 The pathogen: Sclerotinia sclerotiorum (Lib.) de Bary 
2.2.1 Biology of Sclerotinia sclerotiorum  
Sclerotinia sclerotiorum is one of the most devastating and 
cosmopolitan plant pathogens (Bolton et al. 2006). Due to its importance, 
much research on the biological aspects of this pathogen have been con-
ducted in many parts of the world. Here, the taxonomy of the pathogen; 
morphology and survival structures of the pathogen; typical disease 
symptoms and host range are considered. 
Regarding taxonomy of the pathogen, S. sclerotiorum belongs to the 
phylum Ascomycota, class Discomycetes, order Helotiales, family 
Sclerotiniaceae, and genus Sclerotinia (Bolton et al. 2006). Hyphae are 
hyaline, septate, branched and multinucleate (Bolton et al. 2006). Mycelium 
colour is white to tan, both in culture and in-planta. Asexual conidia are 
unknown and long-term survival is mediated through the sclerotium that is a 
pigmented, multi-hyphal structure that can remain viable over a long period 
under conditions unsuitable for growth. Bolton et al. (2006) report that 




environmental conditions. Ascospores are produced by apothecia and these 
spores are the primary means of infection in most host plants.  
Sclerotia are critical to the long-term survival and sexual reproduction 
of the pathogen. Sclerotia are multicellular structures made from the 
compact aggregation of vegetative hyphae, 2 to 20 mm across, and oval or 
irregularly shaped. The black rind is smooth or shallowly pitted and consists 
of distinctly differentiated cells with strongly pigmented cell walls. The 
medulla has a white to slightly pink appearance and consists of tightly 
intertwined hyphae embedded in a matrix (Rimmer et al. 2007). The colour 
of young spore-producing apothecia is light brown which turns darker brown 
with age. In the hypenium, asci are formed with eight ascospores each and 
there are sterile paraphyses. The characteristics of the ascospores are 
hyaline, unicellular, and ellipsoid to almond shaped (4-6 x 9-13 µm) with a 
length/width ratio greater than 2.0 (Rimmer et al. 2007).  
Sclerotinia sclerotiorum is a necrotrophic fungal pathogen so most 
nutrient-rich culture media are suitable for its growth. On media, the fungus 
produces white or slightly grey, suppressed, aerial mycelium (Rimmer et al. 
2007). The development of sclerotia takes place within a week and mainly 
occurs near the edge of the Petri dish. In the mycelium, spherical spermatia 
are formed; however their function in nature is unknown. Sclerotia can 
produce apothecia and ascospores in culture after the dormancy period 





Infection of the host plant takes place under wet and cool weather 
conditions. Infection can be by ascospores formed in apothecia or by direct 
contact with mycelium. Infected host plants have obvious symptoms such as 
water-soaked lesions on the leaves which can rapidly expand to the petiole 
and stem. The presence of inoculum and suitable weather conditions are the 
main factors influencing disease infection. Infection by the pathogen occurs 
sporadically from year to year and varies in severity from one location to 
another. Loss in Brassica crops vary from a few percent to more than 50% 
reduction in seed, head, and root yields. Sclerotia may also contaminate seed 
lots which are at risk of rejection for certification and export (Rimmer et al. 
2007). 
2.2.2  Disease symptoms caused by Sclerotinia sclerotiorum 
The typical symptoms of the disease caused by S. sclerotiorum in 
canola are rots in stems, leaves, and pods. The collapse of the plant due to 
stem infection near the soil is the first symptom of crops attacked by the 
pathogen. This symptom is followed by the development of soft rot and 
external white mycelium. Furthermore, sclerotia often form in the pith 
(Saharan and Mehta 2008). Vegetative hyphae may be produced by sclerotia 
that germinate myceliogenically while apothecia and ascospores are pro-
duced carpogenically. Apothecia are formed on one or several slender stalks, 
each supporting a funnel-or-disk-shaped apothecium 5-10 mm in diameter 
after sclerotia having a period of dormancy (Rimmer et al. 2007). The 
aggressiveness of S. sclerotiorum may vary by strain. Different clones have 




and elsewhere by using mycelial compatibility tests and DNA fingerprinting. 
Some clones are common and distributed over a large geographical distance 
while others are rare (Rimmer et al. 2007).  
Symptoms of the disease caused by S. sclerotiorum vary depending 
on the host species. Symptoms in brassica seed crops develop around 
flowering time as the pathogen primarily colonizes abscised petals adhering 
to leaves, leaf axils and stems before infecting the plant. Lesions on leaves 
are irregular, necrotic, and greyish in colour. Infection on stems normally 
occurs at leaf axils, resulting in the development of white to greyish lesions 
along the stem with darker rings, showing a stepwise growth of the fungus 
(Rimmer et al. 2007). Sometimes, the pathogen invades the head that in 
some cases can be reduced to a wet, slimy mass known as soft rot. Large 
numbers of sclerotia are formed between the collapsed leaves and 
particularly on the lower surface of the outer leaves. Moreover, a brown 
canker forms at the stem base under dry conditions and may kill the plant 
without causing a soft rot. The fungus can also infect broccoli where, under 
moist conditions, a white, mycelial mass may develop in the inflorescence 
(Rimmer et al. 2007).  
In severe infections on oilseed crops, the epidermis hangs in threads 
and the weakened stems tend to break. Patches of both prematurely ripen-
ing plants and lodged plants occur. Black sclerotia are formed at the end of 
the growing season in cavities inside the stem. Under wet weather 




In summary, S. sclerotiorum is a devastating and cosmopolitan fungal 
plant pathogen with resilient survival structures, and the capacity to infest a 
wide range of crop plants. 
2.2.3  Host plants of Sclerotinia sclerotiorum 
Sclerotinia sclerotiorum has a wide range of host plants; more than 
400 (Bolton et al. 2006) or 500 (Saharan and Mehta 2008) being reported. 
Among these hosts are some important crops such as canola, soybean, 
sunflower and many brassica crops.  
2.2.4 Epidemiology of Sclerotinia sclerotiorum 
The traditional disease cycle of S. sclerotiorum considers that airborne 
ascospores are the primary inoculum and that senescent petals are the 
primary infection site. However, other research has found that the early 
infection pattern of the disease is different from this cycle (Rimmer et al. 
2007). The pathogen is widespread in temperate regions during the winter 
season and it occurs in warmer and drier regions during rainy seasons 
(Rimmer et al. 2007). Sclerotinia sclerotiorum can be categorized either as a 
soil-borne, or an air-borne pathogen. Infection of above ground plant parts is 
by ascosporic inoculum while soilborne infection is normally the result of 
attack by ascospores or sclerotia (Saharan and Mehta 2008). However, below 
ground infection can be a result of mycelial germination of soil-borne 
sclerotia. Apothecial development requires ten days of continuous moisture 




 The disease cycle and symptoms of S. sclerotiorum as described by 
(Agrios 2005) are shown in Figure 2.5. 
 
Figure 2.5 Disease cycle and symptoms of Sclerotinia sclerotiorum (Lib.) 
de Bary. Adapted from Agrios (2005) 
The primary source of inoculum of S. sclerotiorum is the sclerotia from 
previously infected crops that remain in the soil (Agrios 2005). Introduction 
of the disease to previously unaffected areas can occur through seed lots 
that are contaminated with sclerotia (Agrios 2005). The survival of sclerotia 
in the soil is mostly influenced by climatic conditions and farming practices. 
However, sclerotia can survive in the soil for 3-4 years (Rimmer et al. 2007). 
Sclerotia germinate carpogenically to form apothecia on the soil 
surface around 2-4 cm above the soil. Dispersal of ascospores over short dis-




reported that longer distance spread causes infection of nearby fields (Rim-
mer et al. 2007). Ascospores can also adhere to pollen and be dispersed by 
honeybees. Ascospores are one of the sources of inoculum and therefore the 
disease is considered to be primarily monocyclic. Moreover, the secondary 
spread of plants by mycelium is significant only when crops were severely 
lodged (Rimmer et al. 2007).  
Infection of the host plants takes place under wet and cool weather 
conditions. Infection can be by ascospores formed in apothecia or by direct 
contact with mycelium from germinating sclerotia. Presence of inoculum and 
weather conditions are the main factors influencing the disease cycle. Infec-
tion by the pathogen occurs sporadically from year to year and varies in 
severity from one location to another (Rimmer et al. 2007).  
Sclerotia are the central component in the epidemiology of S. 
sclerotiorum diseases due to their massive reproductive potential as well as 
their capacity to survive for a long periods (Bolton et al. 2006). Depending 
on environmental conditions, germination of sclerotia can be carpogenic and 
myceliogenic. As a result, there are two distinct categories of diseases 
(Bolton et al. 2006).  
 Overwinter survival is through sclerotia in soil or within the infected 
tissue, or as mycelia in dead or living plant tissue (Agrios 2005). The 
sclerotium is the most important structure in the life cycle of the fungus. 
Sclerotia can survive in environmental extremes such as harsh winter 
conditions. Compared to other plant fungal pathogens, S. sclerotiorum is 




germination to penetrate the host plant tissue (Saharan and Mehta 2008). As 
a result, better germination of ascospores occurs on wounded tissues or 
plant tissues that are almost dead such as wilting petals. Colonization occurrs 
in those tissues and then the infection spreads to healthy tissue (Agrios 
2005). 
 In summary, knowledge of the epidemiology of pathogen is very 
important for forecasting and controlling the disease. Also a deep 
understanding of the disease cycle and survival of sclerotia will lead to a 
better understanding of disease development which will finally lead to better 
understanding of control methods. Ability to forecast disease in order to 
avoid high risks in the agricultural sector has led to the epidemiology of plant 
disease becoming more important in agricultural production. 
2.2.5 Influence of environmental conditions on the disease 
development and survival of sclerotia of Sclerotinia 
sclerotiorum 
Three key factors for the occurrences of plant disease are a 
susceptible host, infective pathogen and favourable environmental conditions 
(Agrios 2005). Some environmental factors that affect the host plants of S. 
sclerotiorum are temperature, moisture, wind, light, soil pH and soil struc-
ture, host-plant nutrition, herbicides and air pollutants (Agrios 2005). 
Environmental conditions also play an important role in the growth, survival, 
spread and pathogenicity of the pathogen. Environmental conditions such as 




survival of S. sclerotiorum and disease development to some extent (Agrios 
2005, Saharan and Mehta 2008).  
The primary infection propagules of S. sclerotiorum are ascospores. 
The following studies show that mortality of ascospores is influenced by 
temperature and RH. Increasing temperature and RH increases mortality of 
ascospores. In-vitro studies reported that mortality of ascospores was higher 
when temperatures were above 20oC and RH was greater than 35% (Caesar 
and Pearson 1983). Another study reported that temperatures of 15 to 25oC 
were optimal for lesion development of disease caused by S. sclerotiorum 
and that lesions did not form at 30oC (Hannusch and Boland 1996). On 
lettuce, ascospores of S. sclerotiorum started to germinate on leaves after 2-
4 h of continuous leaf wetness at an optimum temperature of 15-25oC 
(Young et al. 2004). 
 Regarding the disease caused by S. sclerotiorum, the primary survival 
structure of S. sclerotiorum in the field is sclerotia (Willetts and Wong 1980). 
Sclerotia maintain the fungus in a dormant condition, and germinate when 
the environmental conditions are suitable for growth (Coley-Smith and Cooke 
1971). The pathogen produces a large number of sclerotia during disease 
epidemics and they are long-lived even when non-host crops are grown 
(Schwartz and Steadman 1978). Environmental factors that influence the 
survival of sclerotia in the field are soil moisture, soil pH, temperature, 
nutritional status, depth of sclerotia in the soil and other antagonistic fungi 




Soil moisture is one of the environmental factors influencing the 
survival of sclerotia. Soil moisture is essential for the germination of the 
sclerotia. Sclerotia will not germinate even at a RH of 100% as free water is 
required (Coley-Smith and Cooke 1971). Soil pH is another environmental 
factor that influences the survival of sclerotia. The optimum pH range for 
germination of sclerotia of S. sclerotiorum is 6 – 9.7 (Coley-Smith and Cooke 
1971). Temperature also influences the survival of sclerotia (Agrios 2005) 
with the optimum temperature for more rapid disease development being 
15–17oC (Clarkson et al. 2014).  
Nutritional status influences the survival of S. sclerotiorum as well as 
the growth of the host. Host plant nutrition also influences the survival of the 
pathogen. Soil nutrition influences the growth of host plants. Less healthy 
plants are more susceptible to pathogens (Agrios 2005).  
 The survival of sclerotia is also influenced by antagonistic fungi such 
as Coniothyrium minitans (W.A. Campb) Verkley that parasitizes and kills 
sclerotia produced on the root surface of sunflower (Helianthus annuus L.) 
(Huang 1977). In this study, C. minitans continued to parasitize the 
pathogen inside the root and upwards into the base of the stem. By the end 
of the growing season 59%, 76% and 29% of sclerotia on the root surface, 
inside the root, and inside the stem, respectively, had been killed by the 
antagonistic fungus, while 4%, 9%, and 68% of the sclerotia at these 
locations were healthy (Huang 1977). This shows that C. minitans is more 




the basal stem. Other organisms were responsible for the death of the rest 
of sclerotia (Huang 1977). 
 In brief, environmental factors influence; the growth and susceptibility 
of the host, the pathogen’s activity and host-plant interactions. Managing 
environmental factors could lead to less favourable conditions for the 
pathogen to reduce disease damage caused by S. sclerotiorum. Survival of 
sclerotia is also influenced by environmental factors, therefore managing 
environmental conditions will lead to some control of sclerotia, the primary 
survival body of the pathogen. 
2.2.6 Alternative techniques for controlling S. sclerotiorum 
There are many techniques to control soil-borne pathogens such as S. 
sclerotiorum. Some well-known techniques are: site selection, exclusion, 
resistant plants and cultivars, cultural practices, sanitation, environmental 
manipulation, controlling other biotic factors, chemical pesticides and 
biological control.  
The aim of site selection is to grow canola on a site where there is 
less inoculum to minimize disease. Site selection can minimize inoculum 
through consideration of cropping history and proximity to inoculum sources 
such as neighbouring crops.  
There is no known resistance to Sclerotinia through single gene (R-
gene) resistance. A few cultivars exhibit modest tolerance but it is 
inadequate to control the disease on its own (Selin et al. 2014). Control of 




resistance in the major crops damaged by this pathogen (Bolton et al. 2006). 
In the USA, because there are no commercially available resistant cultivars of 
canola, S. sclerotiorum management on large-scale farming systems is 
mainly by the use of fungicides and crop rotation (Del Rio et al. 2007). 
Screening canola cultivars for resistance to S. sclerotiorum could be an 
important method to minimize the impact of the disease, however, there is 
no information yet regarding cultivar resitance. 
Cultural practices are also very important in controlling soil-borne 
disease caused by S. sclerotiorum. Cultural practices are actually 
environmental modifications to make a microclimate favourable for the host 
plant but unfavourable for the pathogen. Cultural practice is an effort to 
minimize the favourable conditions which enable the pathogen to attack 
crops. Examples of cultural practices include: the use of rotation with gra-
minaceous crop, reduce sowing density, increase row spacing and improved 
sanitation.   
To reduce the number of viable sclerotia in soil, rotation with non-host 
crops such as cereals for at least three years is advised (Zeng et al. 2012). 
An effective crop rotation also enhances control of broad-leaved weed 
species due to their control during the cereal phase. However, some argue 
that rotation is not practical to control S. sclerotiorum since sclerotia can 
survive for 7-8 years in soil (Zeng et al. 2012). However, rotation can be ef-
fective where long rotation program of several years can be undertaken us-
ing non-host and non-brassica crops. For the small-scale farming systems, 




applicable (Zeng et al. 2012). Sanitation is also one of the key factors in 
reducing plant diseases, including soil-borne disease caused by S. 
sclerotiorum. Sanitation aims to treat crop residues after harvesting so they 
cannot harbour the disease and so reduce the amount of inoculum. Control-
ling weeds that can be a source of inoculum of S. sclerotiorum is also part of 
the sanitation program in farming systems. Some agricultural practices could 
potentially reduce the incidence of disease caused by S. sclerotiorum such as 
decreasing sowing density, delaying sowing date, and increasing row spacing 
(Rimmer et al. 2007). 
Environmental manipulation can be used as one of the alternatives to 
control soil-borne disease caused by S. sclerotiorum. The level of infection of 
the pathogen can be controlled by management practices such as reducing 
humid microclimate conditions by limiting density of vegetative growth 
through moderate seeding rate, wide row spacing, and moderate nitrogen 
fertilizer use (Rimmer et al. 2007).  
Chemical pesticides are commonly used as the main method of 
controlling plant disease caused by S. sclerotiorum. Fungicides, bactericides 
and other disease control chemicals are mainly used in canola to control 
diseases caused by fungi, bacteria and nematodes (Zeng et al. 2012). 
Fungicide application is the most common practice among growers due to its 
practicality. However, chemical fungicides are relatively expensive and may 
have a negative impact on the environment (Zeng et al. 2012). Loss of 
biodiversity is claimed to be one of the negative impacts of chemical spraying 




during full flowering to protect the crop at the stage with the highest risk of 
petal infestation (Rimmer et al. 2007).   
Currently, management of Sclerotinia disease mostly relies on cultural 
and chemical control options that often only provide partial and/or sporadic 
control. Application of fungicides is the principal tool for managing Sclerotinia 
stem rot (SSR) in practice. Fludioxonil had strong inhibition effect on mycelial 
growth of S. sclerotiorum. After fludioxonil treatment, cell membrane 
permeability, glycerol content, POD and PAL activity increased markedly 
while oxalate and EPS content significantly decreased. The result of research 
in China implied that fludioxonil could decrease the virulence besides 
inhibiting mycelial growth (Zhou et al. 2013). Dicarboximide fungicide 
dimetachlone has been widely used to control S. sclerotiorum for more than 
a decade, especially after a high level of carbendazim resistance in S. 
sclerotiorum resulted in the failure of carbendazim to control the dieseas in 
East China. A two-component signalling pathway was involved in osmotic 
and oxidative stress response, hyphal development, fungicide sensitivity, and 
virulence. This pathway may also be involved in the mode of action and 
resistance mechanism of phenylpyrrole fungicide. Dicarboximide fungicides 
(DCFs) were widely used for controlling the disease. Controlling of S. 
sclerotiorum on soybean in China currently relies on the use of fungicides 
such as carbendazim and dimetachlone alone due to lack of resistant or 
tolerant varieties (Zhang et al. 2013). 
In conclusion control of plant disease caused by S. sclerotiorum can 




plant resistant (tolerant) varieties, cultural practices, sanitation, 
environmental manipulation, controlling other biotic factors, chemical 
pesticides and biological control. Therefore, integrated approaches are 
advisable.  
2.3 Biological control 
2.3.1 Biological control of Sclerotinia sclerotiorum  
Biological control plays an important role in recent agricultural produc-
tion; especially since modern society is more concerned about their food 
safety (Daintith and Martin 2005). Biological control is an environmental 
friendly alternative to the use of chemical pesticides. In discussing biological 
control, it is important to understand the definitions of biological control and 
biological control agents.  It is valuable to understand the history of 
biological control, the importance and benefits of using BCAs as well as 
learning about some successful experiences of using BCAs and the future 
prospects of biological control in agricultural production. 
Biological control is defined as the control of pests by biological rather 
than chemical means. Biological control might be achieved, for example, by 
breeding disease-resistant crops or by introducing a natural enemy of the 
pest, such as predator or parasite. Biological control is considered to reduce 
some the problems associated with chemical control using pesticides, but 
care should be taken to avoid upsetting the natural ecological balance 




Biological control agents (BCAs) are believed to have the potential to 
control plant diseases caused by S. sclerotiorum. The potential of BCAs have 
been proved by research from all over the world. This section will provide 
examples of successful research about the application of BCAs to control 
plant diseases caused by S. sclerotiorum and examples of some potential 
fungi and bacteria BCAs. 
BCAs have a potential to control S. sclerotiorum in farming practices. 
Some biological control agents such as Trichoderma harzianum Rifai and 
Pseudomonas fluorescens have been shown to have great potential to 
control soil-borne pathogens (Saharan and Mehta 2008). Recently BCAs have 
been produced and commercialized as an alternative for controlling patho-
gens. For example some species of fungi and bacteria have the potential to 
be used as BCAs to control Sclerotinia disease (Saharan and Mehta 2008). 
These potential BCAs are listed in Table 2.7. 
Table 2.7 List of potential biological control agents to control Sclerotinia 
disease 
Biological control agent Effective against Sclerotinia  
species 
Fungal species 
Coniothyrium minitans S. sclerotiorum, S. minor, and S. 
trifoliorum 
Dictyosporium elegans S. sclerotiorum and S. minor 
Fusarium lateritium S. sclerotiorum 
Gliocladium catenulatum S. sclerotiorum 
Gliocladium roseum S. sclerotiorum 




Penicillium citrinum S. sclerotiorum and S. minor 
Sporidesmium sclerotivorum S. sclerotiorum and S. minor 
Talaromyces flavus S. sclerotiorum 
Teratosperma oligocladium S. sclerotiorum, S. minor, and S. 
trifoliorum 
Trichoderma harzianum S. sclerotiorum and S. minor 
Trichoderma koningii S. sclerotiorum 
Trichoderma pseudokoningii S. sclerotiorum 
Trichoderma viride S. sclerotiorum and S. minor 
Trichoderma roseum S. sclerotiorum 
Bacterial species 
Acinetobacter sp. S. sclerotiorum and S. minor 
Bacillus amyloliquefaciens S. sclerotiorum 
Bacillus cereus S. sclerotiorum 
Bacillus polymyxa S. sclerotiorum and S. minor 
Bacillus subtilis S. sclerotiorum and S. minor 
Pseudomonas spp. S. sclerotiorum 
Pseudomonas cepacia S. sclerotiorum and S. minor 
Pseudomonas chlororaphis S. sclerotiorum 
Pseudomonas fluorescens S. sclerotiorum 
Pseudomonas putida S. sclerotiorum and S. minor 
Staphylococcus spp. S. sclerotiorum 
Data source: Saharan and Mehta (2008) 
 One of the potential disease control strategies for SSR disease on 
canola is biological control (Bolton et al. 2006). There is increased interest in 
biological control encouraged by public awareness about issues related to the 
use of chemical pesticides (Weller 1988). Jain et al. (2011) argue that the 




reduce inoculum of S. sclerotiorum. A combination of BCAs will increase the 
possibility of action in suppressing the pathogen. For example, they 
evaluated the consortium of BCAs comprising T. harzianum ARS culture 
collection number NRRL 30596, B. subtilis JN099686 and P. aeruginosa 
JN099685 in managing S. sclerotiorum in pea under greenhouse conditions 
(Jain et al. 2011). The result showed that treatment of BCAs in consortia 
increased the activity of defence-related enzymes and accumulated phenols 
in leaves of pea plant inoculated with S. sclerotiorum compared to the 
control. Triple-compatible microbial consortium increased enzyme activities, 
and phenol accumulation 1.4 to 4.6 fold compared to individual and dual 
consortia effort. Consortia of BCAs interacts with host plant and pathogen in 
a way that mimics the natural interaction in the rhizosphere (Jain et al. 
2011). 
Pseudomonas chlororaphis PA23 is a well-known biological control 
agent of S. sclerotiorum that restricts disease establishment on the 
phyllosphere. PA23 produces a multitude of antifungal compounds including 
phenazine (PHZ), pyrrolnitrin (PRN), HCN, proteases, lipases and 
siderophores. Expression of these antifungal factors is under the control of a 
complex regulatory hierarchy that includes the Gac two-component systems, 
quorum sensing (QS) and RpoS (Selin et al. 2014). Cross-regulation between 
the controlling elements further adds to the complexity. The ability of P. 
chlororaphis PA23 to form biofilms is affected by all three regulatory systems 




Some BCAs have been shown to reduce the number of sclerotia of S. 
sclerotiorum in soil and  reduce the impact of the disease on soybean in 
Michigan USA. These BCAs include: Coniothyrium minitans CON/M/91-08 
(Product name: Contans®WG), Streptomyces lydicus WYEC 108 
(Actinovate®AG), Trichoderma harzianum T-22 (PlantShield®HC, and Bacillus 
subtilis QST 713 (Serenade®MAX) (Zeng et al. 2012). Zeng et al. (2012) 
found that C. minitans were the most effective BCA for reducing the number 
of sclerotia in the soil and reduce the impact of the disease on soybean. 
Furthermore, their research found that C. minitans can reduce disease 
severity index (DSI) by 68.5% and the number of sclerotia of S. sclerotiorum 
in the soil by 95.3%. While S. lydicus and T. harzianum reduced DSI by 
43.1% and 38.5% and sclerotia in soil by 90.6% and 70.8% respectively. 
However, B. subtilis only had a marginal effect on S. sclerotiorum.  
Sclerotia in the field are attacked and degraded by some mycopara-
sites that can penetrate the rind. Some mycoparasites such as Coniothyrium 
minitans and Sporidesmium sclerotivorum have been proposed as BCAs for 
S. sclerotiorum (Adams 1981). Coniothyrium minitans was recovered consist-
ently from sclerotia in harvest canola samples (Huang et al. 2007). This my-
coparasite has potential to reduce the survival of sclerotia in the field (Huang 
et al. 2007).  
It was confirmed by Zeng et al. (2012) that the commercial strain of 
C. minitans CON/M/91-08 was an efficient BCA, and they suggested it be 
adopted by farmers to manage soybean disease caused by S. sclerotiorum. 




efficiently as the commercial strain in colonization of sclerotia but with a 
faster growth rate. The knowledge of the mechanism and efficiency of the 
new stains will be very important to determine the best new BCA candidates. 
In-vitro studies show that strains of Pseudomonas fluorescens and 
Bacillus amyloliquefaciens isolated from the soybean rhizosphere can control 
the growth of Botrytis cinerea and S. sclerotiorum (Simonetti et al. 2012). S. 
sclerotiorum is also a very important pathogen of common beans (Phaseolus 
vulgaris L.). Some species of Trichoderma have been used as BCAs to control 
S. sclerotiorum on common beans (Lopes et al. 2012).  
Besides the advantages of using BCAs, there are also some 
weaknesses such as the difficulty to grow them on a larger scale. For exam-
ple Sporodesmium sclerotivorum is very difficult to produce in large quanti-
ties in-vitro (Rio et al. 2007).  
Microbial  bio-pesticides have been very successful as BCAs (Vincent 
et al. 2007). Bio-pesticides are mostly based on Bacillus thuringiensis (Bt) 
(Vincent et al. 2007).  
Biological control may become an environmental friendly alternative to 
the use of chemical pesticides that have some negative effect on the 
ecosystem. This literature review has briefly covered th science of biological 
control, the process of findings BCAs, potential benefits of application of 
BCAs to crops, some successful experiences of using BCAs, and potential of 
further application of BCAs in cropping. It is apparent that there remains a 




farmers. If farmers adopts BCAs this will provide evidence of the benefits of 
biological control of S. sclerotiorum on a commercial scale. Furthermore, ex-
tensive research is needed to explore the potential of local BCAs in the 
agricultural sector in general. 
Some myco-viruses also have potential to be BCAs against fungal 
plant diseases. Myco-viruses are commonly found in nature where they infect 
fungi and replicate themselves in fungal cells (Jiang 2013).  
In summary evidence has been presented from many pieces of 
research that BCAs are potential control agents of plant diseases caused by 
S. sclerotiorum. Some examples of successful research in applied control of 
plant diseases caused by S. sclerotiorum using BCAs were presented.  Fungi 
and bacteria that have potential to be BCAs for plant pathogens have been 
discussed. However, the potential of local BCAs in many growing areas 
worldwide, including in WA, need to be explored to find better BCAs for 
future work. 
2.3.2  Mode of action of biological control agents 
BCAs work using many mechanisms that are known as the modes of 
action. Modes of action of BCAs include myco-parasitism, nutrient 
competition, antibiosis and plant growth promotion (Zeng et al. 2012).  
Myco-parasitism is one of the modes of action in biological control of 
plant pathogen. The ability of C. minitans to infect sclerotia of S. 
sclerotiorum shows the strong mycoparasitic capacity of this BCA. However, 




B. subtilis, S. lydicus, and T. harzianum that have different degrees of 
suppression (Zeng et al. 2012). The efficacies of BCAs are influenced by the 
biology of the microorganism, inoculum concentration and the distance 
between BCA and target pathogen. 
Fungi (C. minitans and T. harzianum) and bacteria (B. subtilis and S. 
lydicus) have different means of impacting sclerotia of S. sclerotiorum (Zeng 
et al. 2012). The fungi are more effective in reducing sclerotial survival due 
to myco-parasitism. The fungal BCA colonizes and degrades the sclerotia 
while bacterial BCAs inhibit stipe and apothecial formation of sclerotia of S. 
sclerotiorum. More specifically, C. minitans effectively reduces both sclerotial 
populations and apothecial production of S. sclerotiorum while T. harzianum 
is only effective in reducing sclerotial populations. Also, bacterial BCAs such 
as S. lydicus, are only effective in reducing apothecial production. Therefore, 
(Zeng et al. 2012) conclude that C. minitans was more effective than the 
other BCAs they tested. However, BCAs such as C. minitans need to be 
applied every year in order to get the best efficacy since the population of C. 
minitans decreased gradually over the season and during the winter (Zeng et 
al. 2012). Therefore it was suggested that the population of C. minitans 
should be maintained in order to get stable population during the season 
because this is critical to enhance the efficacy of the BCA (Zeng et al. 2012). 
Moreover, application of BCAs prior to the tillage was suggested in order to 
get an even distribution of the BCAs in soil and enhance direct contact with 




Efficacy of BCAs decreased when sclerotia of S. sclerotiorum remained 
dormant. This means that dormancy could prevent the sclerotia from being 
degraded by other parasitic microorganism and therefore the sclerotia will 
remain viable in the soil for a long period (Zeng et al. 2012). Efficacy of 
consortia of beneficial microorganisms is high due to increasing activities of 
defence-related enzymes such as phenylalanine ammonia-lyase (PAL), 
peroxidase (PO), polyphenol oxidase (PPO), superoxide dismutase (SOD), 
glucanase and chitinase, and accumulation of proline and phenols as shown 
by reduced plant mortality when treated by a consortium of three BCAs (Jain 
et al. 2011). Moreover, it is thought that the plant’s resistance against 
infection by S. sclerotiorum is enhanced by the three BCAs communicating in 
a synergistic manner which provides the plant with a stronger capacity to 
regulate its immune response against the pathogen (Jain et al. 2011). 
The use of Plant Growth Promoting Rhizobacteria (PGPR) is a new 
worldwide trend in agriculture. It has important and accepted benefits for the 
agricultural sector (Figueirêdo et al. 2010). The emergence of PGPR is partly 
due to a demand for reduced dependence on synthetic products and the the 
significant growth of interest in sustainable agriculture in relation to a holistic 
vision of development and raising concern about environmental protection 
(Figueirêdo et al. 2010). Where PGPR are present in the rhizosphere, they 
can improve plant growth by colonising the root system and suppressing 
harmful rhizosphere microorganisms. Rhizosphere microorganisms provide 
biological control through several mechanisms, for instance, the production 




colonising the root system and pre-empting the establishment of harmful 
rhizosphere microorganisms and suppressing their growth (Saharan and 
Mehta 2008). A multidisciplinary scientific research approach is needed in 
order to understand adaptation of PGPR and their effect on; physiology and 
growth, induced systemic resistance, biological control of plant pathogens, 
bio-fertilization, and potential green alternative for plant productivity, viability 
of co-inoculating, plant microorganism interactions and mechanism of root 
colonization (Saharan and Mehta 2008). Also, Saharan and Mehta (2008) 
argued that there is considerable interest in exploiting these rhizosphere 
bacteria to improve crop production due to their rapid rhizosphere 
colonization and stimulation of plant growth. Cyanobacteria, Actinobacteria, 
Bacteroidetes, Firmicutes and Proteobacteria are among the main groups of 
PGPR (Saharan and Mehta 2008). 
In summary, information has been provided above about the different 
modes of action of BCAs. Myco-parasitism, nutrient competition, antibiosis 
and PGPR are examples of these modes of action. Different kinds of BCAs 
work best using different modes of action. One BCA might work in one mode 
of action only or through a combination of modes of action. Understanding 
the mode of action of each potential BCAs will lead to a better method of 
application and improved effectiveness of BCAs. Research on the modes of 
action of every potential BCA is needed for the future expansion of the 




2.4 Summary and concluding remarks 
2.4.1  Summary 
Oilseed rape/canola is based on two plant species of the family 
Brassicaceae. The Brassicaceae contains many vegetable leafy crops. 
However, oilseed rape, recently called canola, is mostly used as a source of 
vegetable oil. As a source of vegetable oil, this plant species has specific 
biological characteristics and plays an important role in the biofuel and, 
livestock feed industries as well as providing other benefits to mankind.  
 The importance of oilseed rape/canola has increased in a recent dec-
ades due to: increasing demand of oilseed rape in global markets, its high 
contribution to the economic growth of exporting countries due to the value 
of its oil, the premium quality of its oil and the benefit of using it as a winter 
crop. These factors have influenced the development of research in all as-
pects of the crop such as genetics, agronomy, pest and disease as well as 
post-harvest technology. Those facts have lead canola crop becoming one of 
the most important crops all over the world.  
However, farmers face many challenges in growing oilseed rape, both 
technical and non-technical. Technical challenges include: environmental 
factors and pests and diseases while non-technical challenges are political 
instability and domestic agricultural policies. These factors significantly 
influence the development of oilseed rape production as well as supply and 




Pests and diseases are argued to be the most important challenges in 
growing oilseed rape due to the losses they cause. Many insect pests and 
pathogens limit the production of oilseed rape with soil-borne diseases being 
the major constraint. Fungi, bacteria, and nematodes are among the soil-
borne pathogens that attack the crop and significantly reduced the harvested 
yield. 
Among the plant pathogens that attack the canola crop, S. 
sclerotiorum is well-known as one of the most important plant pathogenic 
fungi worldwide due to its most severe impacts on many crops. Diseases 
caused by S. sclerotiorum have many names, a worldwide distribution and 
cause severe crop losses. For the canola crop, S. sclerotiorum is one of the 
two most important pathogens causing a severe negative impact due to stem 
rot disease.  
Sclerotinia sclerotiorum is famous as one of the most devastating and 
cosmopolitan of plant pathogens (Bolton et al. 2006). Due to its importance, 
much research on the biological aspects of this pathogen have been 
investigated in many parts of the world. The biological aspect of the 
pathogen has been the focus of much research. The biological aspects of S. 
sclerotiorum include: taxonomical aspects of the pathogen, morphological 
and survival structures of the pathogen, typical symptoms of the disease 
caused by the pathogen and the wide host range of the pathogen. 
Epidemiologically S. sclerotiorum has special survival and dispersal character-
istics. Plant pathogenic fungi can be spread in a many different ways. Most 




sprinkler irrigation can also spread airborne and another type of spores. 
Spread of spores and mycelia in water or by movement of soil are 
characteristics of soil-borne fungi. Some species of fungi, including S. 
sclerotiorum, form specialized, hardened mycelial aggregates called sclerotia. 
Sclerotia were mostly spread in the soil and can infect plant material. 
Epidemiological aspects of the pathogen are very important for forecasting 
spread and for developing controlling techniques. Sclerotia as the survival 
body of the pathogen are very important to understand the development of 
the disease. 
 Environmental factors also affect the development of infectious plant 
disease. Some environmental factors that affect the plant pathogens include: 
temperature, moisture, wind, light, soil pH and soil structure, host-plant 
nutrition, herbicides and air pollutants (Agrios 2005). Managing and 
controlling environmental factors that are favourable for the plant but 
unfavourable for the pathogen is the key to minimizing the impact of the 
pathogen. However, environmental factors are not always easy to modify 
and predict. Recent trends in climate change might also have a direct or 
indirect impact on the favourable condition for the pathogen that can cause 
an outbreak of plant diseases. 
The severe impact of the pathogens on crop yield means that control 
is the key concern. There are many techniques/approaches to the control of 
S. sclerotiorum. Some well-known techniques are: site selection, exclusion, 
cultural practices, sanitation, environmental manipulation, controlling other 




alternatives, the application of chemical pesticides is most commonly used, 
however due to high concern of the consumers regarding human health, 
environment, and the bio-ecosystem, environmental friendly ways of 
controlling the disease, such as biological control by using BCAs, has become 
more and more popular. The use of BCAs is argued to be the best alternative 
to supporting the sustainable agricultural development in the future. 
However, application of biological control is still limited to research and is not 
applied in the field. The application of BCAs is only one percent compared 
with the use of chemical fungicides. However, regardless the limited field 
application of biological control in the agricultural sector, there is opportunity 
for more and more research in this area. An increasing amount of research 
on this topic will speed up the discovery of many more potential BCAs that 
could be used in agriculture. 
Biological control will play an important role in future agricultural 
development, especially since modern society is more concerned about their 
food and health. Biological control will become a more environmental friendly 
substitute for chemical pesticides. BCAs, such as antagonistic fungi and 
bacteria, have ben shown to be potential agents to control diseases caused 
by S. sclerotiorum. The potential of using BCAs has been proven by much 
research across the world and biological controls have even been 
commercialized by private companies. BCAs work through many mechanisms 
that are known as the modes of action. The modes of action of BCAs include: 
myco-parasitism, nutrient competition, antibiosis, and plant growth 




some of them being considered as potential options to control plant 
pathogens. To develop the potential of BCAs, increased effort needs to be 
devoted to find candidate BCAs for many local agricultural regions all over 
the world. Every soil has potential BCAs that need to be explored. Exploring 
for new BCAs will lead to findings of better candidates for farming systems.  
This research project aims to answer the challenge of finding potential 
candidates of BCAs from regions that have not previously explored. To 
clarify, the need to find new and potential BCAs in many agricultural regions, 
including WA soils, is becoming more important since every soil type and 
region has potential antagonistic microorganisms that can be important in 
future work. The potential of local BCAs needs to be explored in order to be 
able to find better BCAs for future needs. In WA, stem rot disease caused by 
S. sclerotiorum has recently become a problem in canola which could possi-
bly be managed using antagonistic microorganisms from local soil types. 
Therefore, research on finding local BCAs is worthwhile. The more BCAs are 
explored, the more options there will be for getting more effective BCAs. 
Local BCAs might work better under the local conditions from which they 
were isolated because of their adaptation to these local environmental 
conditions.  It may also possible to further develop the use of local BCAs for 
global use. Hence, all research into the potential of BCAs is important in 
supporting the new era of green and sustainable agricultural development. 
Based on the discussion above, research on isolation and identification 
of local WA BCAs will be a worthwhile to support the local and global 




potential BCAs, and the research to explore the potential of every soil in all 
growing areas would be very beneficial. Collaboration among the universities, 
research institutes, industries and growers is needed to increase the 
achievement in this area.  
2.4.2 Concluding remarks 
Some aspects related to canola and Sclerotinia disease have been 
discussed in detail in the literature review. These aspects include the 
importance of canola, the challenges in growing canola, soil-borne disease, 
soil-borne disease caused by S. sclerotiorum, biology and epidemiology of S. 
sclerotiorum and alternatives for controlling the pathogen. Based on this 
literature review important conclusions include:  
(a) Brassicaceae is known as the family of vegetable crops. However, two 
species in the family are important sources of oil, namely B. napus and 
B. rapa which are known as oilseed rape or canola. Many studies have 
focussed on the biological characteristics of oilseed rape, the unique 
aspect of its historical process and its role in industry of biofuel as well as 
its benefits to mankind.  
(b) Increasing demand for oilseed rape in the global market, due to its 
premium oil, contributed to the economic growth of exporting countries. 
Furthermore, oilseed rape’s importance is increased as it provides bene-
fits as a winter crop. 
(c) Farmers who grow oilseed rape face many challenges, both technical and 




biotic factors such as pests and diseases. Non-technical challenges 
involve global and local political policy. 
(d) Oilseed rape crops are never free from soil-borne diseases caused by 
microorganisms such as fungi, bacteria, and nematodes. Better control 
techniques for these pathogens is a key factor for sustainable production 
of oilseed rape. 
(e) Sclerotinia sclerotiorum is well-known worldwide due to its severe impact 
through crops losses. This pathogen has a wide host range, a wide dis-
tribution and causes many diseases with significant crop losses 
worldwide. 
(f) Sclerotinia sclerotiorum has very unique taxonomical and morphological 
aspects, and a survival structure that can survival for a long period. 
(g) Knowledge on the epidemiology of pathogens is very important for effec-
tive forecasting and control techniques. S. sclerotiorum has two epidemi-
ological aspects which are its disease cycle and its sclerotia which act as 
a survival body. 
(h) Environmental factors may influence: the growth and susceptibility of the 
host, the pathogen’s activity, as well as host-plant interactions. 
Manipulating environmental factors to favour the crop, while at the same 
time being unfavourable to the pathogen, could lead to reduced S. 
sclerotiorum disease problems. 
(i) Biological control of S. sclerotiorum in canola can potentially plays an 




Biological control may become an environmental friendlier substitute for 
use of chemical pesticides. The use of chemical pesticides has negative 
impacts on the agroecosystems as well as having a long-term negative 
effect on people’s health. 
(j) BCAs are proving to be one of the potential control agents of plant 
diseases caused by plant pathogens including S. sclerotiorum. Some 
examples of successful research using BCAs to control plant diseases 
caused by S. sclerotiorum have been presented.   
(k) BCAs work with different modes of action. Myco-parasitism, nutrient 
competition, antibiosis, and plant growth promotion are some of the 





Chapter 3: Biological Characteristics of 
Western Australian Isolates of 
Sclerotinia sclerotiorum 
3.1 Introduction 
Knowledge of the variability of any pathogen is very important in or-
der to understand and develop effective screening strategies to identify and 
deploy host resistance (Garg et al. 2010a).  
Although white mycelium and dark sclerotia typify S. sclerotiorum in 
many studies (Sanogo and Puppala 2007), considerable variation exists. For 
example, darkly pigmented mycelium on culture media is one of the 
characteristics of S. sclerotiorum isolated from peanut in Mexico (Sanogo and 
Puppala 2007). Darkly pigmented mycelium produces melanin and this is 
influenced by the growth medium (Sanogo and Puppala 2007). However, 
there are very few reports of darkly pigmented isolates of S. sclerotiorum in 
North America (Lazarovits et al. 2000, Sanogo and Puppala 2007) or 
Australia (Garg et al. 2010a). Variation can also occur in the growth rates of 
isolates based on the growth media or the growing conditions. Linear growth 
of the moderately dense white mycelium of tan sclerotial isolates was less 
than the growth of black sclerotial isolates (Garrabrandt et al. 1983). 
Furthermore, Garrabrandt et al. (1983) reported that the tan isolates formed 
fewer but larger sclerotia than black sclerotial isolates. In Australia, darkly-
pigmented isolates of S. sclerotiorum were first reported from WA canola 




there was no correlation between pigmentation and colony diameter on PDA 
with the pathogenicity of the pathogen on the host crop.  
Sclerotia play a critical role during the growth of S. sclerotiorum. 
Sclerotia are unique structures for asexual transition to sexual development. 
Furthermore, sclerotia are the key for long term maintenance of infection. 
Sclerotia are also the reason why the pathogen can be difficult to control as 
they can survive for a very long time in soil and can also persist in non-host 
crops including weeds (Li et al. 2003). The common colour of sclerotia 
produced by S. sclerotiorum is black. However, Garrabrandt et al. (1983) 
reported that in the spring of 1981 they found several tan sclerotia in 
infected lettuce plants (Lactuca sativa L. cv. Ithaca) in a research plot at 
Rutgers Research and Development Centre (RRDC), Bridgeton, New Jersey. 
The tan sclerotia were relatively rare, only occurring on one in approximately 
4,000 lettuce plants. Apothecia produced from the tan sclerotia were white 
compared with the brown apothecia formed by black sclerotia. Melanin pro-
duction via the pentaketide pathway is the main cause of the dark colour of 
sclerotia. Melanin is purported to protect the sclerotia from adverse biological 
and environmental conditions especially during the dormancy period 
(Lazarovits et al. 2000).  
In WA, due to severe disease symptoms in canola crops in the past 
few years, hundreds of isolates of S. sclerotiorum have been collected from 
different areas of the agricultural region including Northern, Central and 
Southern canola growing regions. The biological characteristics of the 




investigates mycelial and sclerotial characteristics of 140 isolates of S. 
sclerotiorum that mostly attack canola crops in WA agricultural regions. The 
primary objective of the present work was to quantify the radial mycelial 
growth and sclerotial formation of WA isolates of S. sclerotiorum.  
3.2 Materials and methods 
3.2.1 Collection of Sclerotinia sclerotiorum 
Isolates of S. sclerotiorum were collected from different canola 
growing regions across WA with greater focus in the Northern, Central and 
Southern regions. Diseased canola plants were randomly taken during the 
growing season in 2010, 2011, 2012, 2013 and 2014. The author assisted 
with sample collection in 2013 and 2014 (Fig. 3.1). Isolates were obtained 
from sclerotia which were collected from inside the stem of diseased plants 
in commercial crops and brought into the laboratory. Isolate collection and 
inoculum production followed methods of Zeng et al. (2012). Location of iso-









Figure 3.1 Maps of Australia (above) and Southwestern Australia (below). 




The mycelial growth of S. sclerotiorum in Potato Dextrose Agar + 
Aureomycin (PDAA) medium forms black sclerotia at the outer periphery 
within one week (Figure 3.2).  
 
Figure 3.2  A fast-growing S. sclerotiorum isolate taken from inside a 
canola stem, and grown on PDAA medium: central sclerotium with 
emerging hyphae at 3 days after incubation (left) and black sclerotia at 
the periphery of the plate after 7 days of incubation. The mycelium 
covered the plate in 3 days 
3.2.2  Isolate culture and maintenance 
Sclerotia from affected plants were surface-sterilized for two minutes 
by submerging in chlorine bleach solution (1% sodium hypochlorite), rinsed 
three times with sterile distilled water, and plated on PDAA. The plates were 
incubated at 22oC in a growth room with 12 h photoperiods for three to four 
days until the mycelium covered the plate. The isolates were maintained on 
PDAA slants at 4oC for further studies. Isolate collection from different years 
and locations across WA were used for the experiments. All isolates were 




3.2.3 Radial mycelial growth and sclerotial formation 
The rate of vegetative growth of WA isolates of S. sclerotiorum was 
evaluated on PDAA medium in Petri dishes. An inoculum disc (1 mm 
diameter) was placed in the centre of a Petri dish (9 cm diameter). Three 
replicate dishes per isolate were used. Petri dishes were sealed with 
Parafilm® and incubated at 22oC in a growth room with 12 h photoperiods. 
The diameter of fungal colonies was measured 24 and 48 hours after incuba-
tion. After two weeks of incubation, sclerotia produced by each isolate were 
collected and counted.  
3.2.4 Statistical analysis 
Data for radial mycelial growth of each isolate 24 and 48 hours after 
incubation and number of sclerotia produced by each isolate were subjected 
to Analysis of Variance (ANOVA) using statistical software GenStat Release 
16.  
3.3 Results 
3.3.1 Disease symptoms and isolation 
Figure 3.3 shows the symptoms of SSR disease in canola in the field 
near Mount Barker in 2013. Symptoms were obvious where the pathogen at-
tacked the stem, and when infection was severe the crops began to fall 
down as the stem was weakened. Initial growth of the pathogen occurred in 
the lower portion of the stem (Fig. 3.3a). Once the pathogen was established 




of branches and finally collapse of the host plant in the field. In the infected 
crop, black sclerotia of the pathogen formed in the inside pitch of the stem 
(Fig. 3.3b) and under favourable conditions in vitro, sclerotia germinated and 
produced apothecia in the next season (Fig. 3.3c). 
 
Figure 3.3 Symptoms caused by S. sclerotiorum stem rot on canola (A); 
sclerotia (arrows) of the fungus inside a canola stem (B); and germinating 




3.3.2 Radial mycelial growth  
There were highly significant differences (P≤0.001) between growth 
rates of isolates at 24 and 48 hours after incubation (Table 3.1).  
Table 3.1 ANOVA results for radial mycelial growth of WA isolates of S. 
sclerotiorum at 24 and 48 hours of incubation 
Source of 
variation 
d.f. s.s. m.s. v.r. F pr. 
Radial mycelial growth at 24 hours 
Isolate 139 214.58848 1.54380 76.64 <0.001 
Residual 280 5.64000 
0.02014 
Total 419 220.22848 
Radial mycelial growth at 48 hours 
Isolate 139 804.50295 5.78779 128.89 <0.001 
Residual 280 12.57333 
0.04490 
Total 419 817.07629 
The rate of radial mycelial growth of S. sclerotiorum at 24 and 48 
hours after incubation is shown in Figure 3.4. Most isolates had very fast 
radial mycelial growth of 4 cm or greater at 24 hours after incubation (Fig. 
3.4). The frequency distribution shows that growth rates of 4 cm after 24 
hours occurred with the highest frequency (>80 isolates) (Fig. 3.4a). Further 
evidence that S. sclerotiorum is a fast growing pathogen can be seen 48 
hours after incubation when more than 60 isolates (42.9%) fully covered the 
agar and another 65 isolates (46.4%) had radial mycelial growth of 8 cm 
(Figure 3.4b). These results show that most of the isolates of S. sclerotiorum 






Figure 3.4 Frequency of radial mycelial growth of S. sclerotiorum at 24 
hours (above) and 48 hours after subculturing (below) 
3.3.3 Colour of mycelia of WA isolates of Sclerotinia sclerotiorum 
The general colour of the mycelia of the WA isolates of S. sclerotiorum 
was white but variation was observed from white, white yellowish, white 
greyish, white brownish, greyish, brownish, to dark greyish as illustrated in 





Figure 3.5 Variation in mycelial colour among isolates of S. sclerotiorum in 
WA 
Frequency data of each colour showed that mycelial colour of S. scle-
rotiorum was dominated by white (57 isolates, 40.7%), followed by white 
brownish (30 isolates, 21.4%), white greyish (25 isolates, 17.9%), grey (16 
isolates, 11.4%), dark grey (6 isolates, 4.3%), white yellowish (4 isolates, 





Figure 3.6 Frequency of each mycelial colour among isolates of S. sclero-
tiorum in WA 
3.3.4 Sclerotial formation of WA isolates of Sclerotinia sclerotiorum 
in-vitro 
Numbers of sclerotia produced by each isolate were counted at two 
weeks after incubation. ANOVA of the number of sclerotia formed by isolates 
of S. sclerotiorum showed that the number of sclerotia formed by each 
isolate varied, and there were highly significant differences between isolates 
(P≤0.001) (Table 3.3). The frequency distribution of sclerotial formation is 
given in Figure 3.7. The figure shows that the number of sclerotia produced 
by the pathogen two weeks after incubation varied among the isolates, 
ranging from 0 to 50 sclerotia per plate. More than 25 isolates (17.9%) 
formed an average of 20 sclerotia while 15 isolates (10.7%) did not form 








d.f. s.s. m.s. v.r. F pr. 
Isolate 139 54726.6 393.7 
3.76 <0.001 
Residual 280 29333.3 
104.8 
 
Total 419 84059.9 
 
 
Figure 3.7 Frequency of number of sclerotia formed by S. sclerotiorum 
two weeks after incubation 
3.4 Discussion  
Sclerotinia sclerotiorum is a soil-borne pathogen well-known 
worldwide. It is one of the most devastating and cosmopolitan plant 




biological aspects have been conducted in many parts of the world. The stem 
rot disease in canola caused by the pathogen can be a serious problem for 
producers in WA in some years. Our results show there is considerable 
variability in growth rate and formation of sclerotia in-vitro among the WA 
isolates of S. sclerotiorum.  
Sclerotinia sclerotiorum when grown on nutrient-rich culture media 
generally produces white or slightly grey, suppressed, aerial mycelium 
(Rimmer et al. 2007). The hyphae are described as hyaline, septate, 
branched, and multinucleate (Bolton et al. 2006). Mycelium colour is white to 
tan both in culture and in-planta. Our experiments found that there was a 
wide range of colour of the mycelia in vitro, from white, yellowish white, 
greyish white, brownish white, grey, dark grey, to brown. In retrospect, it 
would have been useful to have recorded the colours using an internationally 
recognised colour chart as this would allow comparison with other studies in 
the future.  
Due to its distribution and economic importance, extensive studies 
have been carried out on this pathogen (Willetts and Wong 1980). Variation 
in the radial mycelial growth rate of isolates was found. S. sclerotiorum can 
be grown on most nutrient-rich culture media. This research measured the 
radial mycelial growth rate of isolates of S. sclerotiorum. Observations 
showed that S. sclerotiorum has very fast growth. It has one of the fastest 
growth rates among pathogens (Kunova et al. 2016). 24 hours after incuba-
tion more than 80 isolates had radial growth of 4 cm which means that more 




had radial growth of 8 cm 48 hours after incubation and more than 60 
isolates fully covered the 9 cm Petri dishes.  
Kunova et al. (2016) reported that growth of S. sclerotiorum FW361 
was very fast on CZY medium that used to compare growth curves with five 
other soil borne fungal pathogens, namely Fusarium oxysporum f.sp. 
lactucae L74, Pythium ultimum FW407, Phytophthora sp. FW409 and 
Thielaviopsis basicola FW406. Based on their growth rate, they were divided 
into three groups: 1. fast-growing, 2. medium-growing, and 3. slow-growing. 
Group 1 comprised S. sclerotiorum FW361 and R. solani FW408; their 
colonies reached the edges of 90 mm diameter Petri plates 4 days after 
inoculation. F. oxysporum f.sp. lactucae L74 and P. ultimum FW407 grew 
slightly slower: 4 days after inoculation, their mean radial growth was 17.5 
and 18.1 mm, respectively and were classified as group 2. Group 3 included 
Phytophthora sp. FW409 and T. basicola FW406, which grew very slowly; 4 
days after inoculation their mean radial growth was 10.6 and 12.2 mm, 
respectively. My results were similar to other previous results showing S. 
sclerotiorum is one of the fastest growing pathogens. 
The fast growth of this pathogen might help it in competing for 
nutrients and in attacking the host plants. Fast growth is related to the ability 
of the pathogen to compete with other microbes for access to space and 
nutrients. However, previous research reported that there was no direct 
correlation between fast growth rate and the ability to infect the host (Garg 
et al. 2010b). Our investigation on the growth rate of isolates of S. 




grows very fast and forms sclerotia within one week. This pathogen’s fast 
growth means it can compete effectively with other microbes. The primary 
survival structure of the pathogen is sclerotia (Adams and Ayers 1979, 
Willetts and Wong 1980). Sclerotia are form of the pathogen in maintaining 
the dormant state, and it will germinate when the environmental conditions 
favour of its growth. During the epidemics of Sclerotinia disease, a large 
number of sclerotia are produced and do not decrease for several years 
when non-host crops are grown, indicating that some sclerotia are long-lived 
(Saharan and Mehta 2008).  
Sclerotinia sclerotiorum produces sclerotia as a survival body. Sclerotia 
can survive for a long period of time and can remain dormant in the soil for 
up to eight years (Adams and Ayers 1979, Willetts and Wong 1980). Sclerotia 
are formed from dense mycelia of S. sclerotiorum that are embedded in a 
matrix of carbohydrates, primarily β-glucans, and proteins (Le Tourneau 
1979). Sclerotia contain multiple layers reinforced by melanin that surround 
the viable centre and provides a protective shell against bad environmental 
conditions including UV light exposure and biotic stresses such as soil 
microorganisms and animal ingestion (Henson et al. 1999). Sclerotia are 
formed at the end of the growth cycle which includes three stages, namely 
initiation, development, and maturation. Initiation is where mycelia of the 
pathogen forms a dense structure known as sclerotia initials (Willetts 1997). 
The second stage is development, where the initials thickens and increases 




where melanin accumulates in the peripheral cells and the rind darkens 
(Willetts 1997). 
Survival of sclerotia depend on several factors, one is nutrient 
availability. Acidic pH is also one of the factors influencing the formation of 
sclerotia (Bashi 2011). However, oxalic acid may also play other roles in the 
formation of sclerotia as lowering pH artificially did not result in the ability to 
form sclerotia (Bashi 2011).  
In our in-vitro experiment, the formation of sclerotia followed a 
defined and consistent pattern. After inoculation into the solid medium, 
mycelia of the pathogen grew in a thin layer on the surface until they 
reached the outer edge of the Petri dish. After that, mycelia thickened to 
form mycelial aggregates that released exudates that increase in size as the 
aggregate grew. However, after the maturation and darkening of the 
sclerotia, the exudates disappeared. Sclerotia formation takes only one week 
(Bashi 2011). However, our experiment showed that not all isolates of WA S. 
sclerotiorum form sclerotia after one week of incubation so formation of 
sclerotia is best observed after two weeks incubation. The formation of 
sclerotia might influence the growth rate of the mycelia. Sclerotia formation 
at the microscopic level occurs from anastomosis of long mycelia leading to 
the formation of the initials that, in turn, fuse with other initials to form a 
sclerotium (Colotelo 1974).  
The isolates of S. sclerotiorum that were used in this research came 
from two discrete geographical areas of WA. The southern area has high 




northern area has low to medium rainfall and warmer temperature. Research 
in the future should ascertain if the climate and soils might influence the 
production of sclerotia and geographic distribution of S. sclerotiorum and its 
other species.  The next chapter is looking at the pathogenicity of each iso-
late of S. sclerotiorum on canola seedlings and investigating mycelial com-
patibility groups of some selected isolates to determine the genetic variations 





Chapter 4: Pathogenicity and Mycelial 
Compatibility Groups of Western Australian 
Isolates of Sclerotinia sclerotiorum 
4.1 Introduction 
Pathogenicity is the qualitative ability of a pathogen to cause disease. 
It is influenced by various factors such as the physiology of the host (e.g. 
defence mechanisms), the physiology of the fungus (e.g. pathogenicity 
factors such as the production of enzymes and toxins) and the environment 
(Butt et al. 2001). 
Pathogenicity of fungal pathogens is one of the indicators used to de-
termine the variability among isolates. S. sclerotiorum has a wide host range 
and many studies have shown that it is differentiated in pathogenicity 
(Chapter 2). Knowledge about the infection process and pathogenesis in the 
diseases caused by Sclerotinia is not really clear, especially in relation to 
some physiological, biochemical and molecular aspects (Saharan and Mehta 
2008). However, host-pathogen interaction at the tissue level is well 
understood (Saharan and Mehta 2008). The type of inoculum, the nutrient 
status of the pathogen, the properties of the host and the effect of the 
surrounding environment are factors influencing the ability of Sclerotinia spp. 
to invade and penetrate the tissues of host crops (Saharan and Mehta 2008). 
Moreover, Saharan and Mehta (2008) argued that only two types of inoculum 
can initiate the infection, namely ascospores and mycelium from sclerotia or 




inoculum although they require external nutrients source such as petals for 
penetration of the host plant. On the other hand, hyphae of S. sclerotiorum 
can only attack the host plant after being “nourished and developed” 
properly (Saharan and Mehta 2008). Hyphae germinating from ascospores 
will only form appresoria and penetrate the host’s surface if they grow in an 
exogenous solution of nutrients. If the hyphae from ascospores only 
encounter water they cannot infect the host (Saharan and Mehta 2008). 
Effective disease control depends on a good understanding of the 
pathogen. Resistance breeding is the backbone of an integrated disease 
management system of important agronomical crops. However, importantly 
the genetic diversity within the local S. sclerotiorum population could 
significantly affect the stability of the host response to infection. Knowledge 
of the population’s genetic variability is essential for developing integrated 
disease management strategies and in particular for screening hosts for 
resistance to Sclerotinia disease. Screening hosts for resistance can be 
achieved by improving knowledge of isolate genotypic/phenotypic 
characteristics. Although a larger sample size may confirm genetic variation, 
it may be useful to group the variation of S. sclerotiorum isolates found to: 
host, locality and pathogenicity.  
Research on the variability of fungal pathogens has been conducted 
for many species, including S. sclerotiorum, all over the world. One of the 
conventional methods used is Mycelial Compatibility Groups (MCGs). Mycelial 




and can show the degree of relatedness between or within MCGs (Litholdo 
Junior et al. 2011).  
The MCG approach have been used in many studies to assess the 
diversity of S. sclerotiorum within the population (Kohn et al. 1990, Kohn et 
al. 1991). Vegetative compatibility/incompatibility of mycelia is a self/non-
self-recognition system controlled by multiple loci (Glass and Kaneko 2003). 
Moreover, mycelial incompatibility of two isolates of filamentous fungi 
prevent them anastomosing to form a stable heterokaryon (Kohn et al. 
1990). Mycelial incompatibility is an effective morphological marker to 
identify the intraspecific heterogeneity of S. sclerotiorum within the 
population (Kohn et al. 1990) although recently more work has been done on 
genetic diversity using a range of molecular markers.  
This chapter investigates the pathogenicity of the WA isolates using 
mycelium inoculum. Mycelium was selected due to difficulty in producing 
apothecia from sclerotia rapidly and in sufficient quantities across all isolates 
(Chapter 3). Furthermore, this research also aims to determine the genetic 
diversity among selected WA populations of S. sclerotiorum using the 
classical MCGs method. 
4.2 Materials and methods 
4.2.1 Isolate and culture of Sclerotinia sclerotiorum 
The isolates used in this chapter were the same isolates used in 





4.2.2 The host plant 
Canola (cv. ATR Cobbler) was the host plant for this experiment. ATR 
Cobbler (Nuseed) is Triazine Tolerant (TT) variety. TT varieties accounted for 
the vast majority of canola grown in WA (79%) in 2014. Open pollinated, TT 
canola varieties remain the most important group for WA growers, they 
accounted for 78% of the WA canola crop in 2014. The four most widely 
grown canola varieties were TT and together accounted for fifty seven 
percent of the canola area in 2014. ATR Stingray (Nuseed) was the most 
popular canola variety in WA during 2014. Its area increased to nearly 28%, 
followed by Crusher TT (Pacific Seeds) (13%), ATR Gem (Nuseed) (9%) and 
ATR Cobbler (7%) (Canola Variety Guide, DAFWA 2015). Cobbler is one of 
the cultivars of canola grown in Australia which is very susceptible to S. 
sclerotiorum.  
4.2.3 Inoculation of seedlings and pathogenicity tests  
Canola seeds were sown in 100 mm diameter plastic pots (Burnell 
Agencies Pty Ltd) which were filled with commercial bulk potting mix 
produced by Baileys (http://www.baileysfertiliser.com.au/). The seedlings 
were grown in a DAFWA growth room with temperature controlled at 21oC 
with a 12 hour photoperiod. Seedlings were watered by hand every morning.   
Cotyledons of ten days old seedlings were inoculated with each isolate 
of S. sclerotiorum. There were six seedlings in each pot and there were four 
replication pots for each isolate. Therefore, a total of 24 seedlings was inocu-




domized design (CRD). An inoculum disc of S. sclerotiorum (1 mm diameter) 
was placed in the centre of a Petri dish (9 cm diameter) on PDAA media. 
Petri dishes were sealed with Parafilm® and incubated at 22oC in a growth 
room with 12 h photoperiods for three to four days until the mycelium 
covered the plate and ready to use for pathogenicity test. Mycelial agar plug 
inoculation was conducted based on the method of Khangura and Mian 
(2012). After agar plug inoculation, the pots were placed into a misting 
chamber for 48 hours with 12 h photoperiods to provide favorable conditions 
for the pathogen to develop. After 48 hours, all pots were taken out of the 
misting chamber and the number of infected seedlings was recorded. After 
that, the seedlings were returned to the initial growth room for another 48 
hours at 22oC with 12 h photoperiods and final number of diseased seedlings 
was recorded to assess the level of virulence of each isolate.  
The detailed procedure of canola seedling inoculation with each isolate 





Figure 4.1 Pathogenicity tests of isolates of S. sclerotiorum: (A) ten days 
old seedlings, (B) seedlings inoculated with each isolate of S. scleroti-
orum, (C) inoculated seedlings were incubated in a misting chamber for 
48 hours, and (D) seedling were re-incubated in the growth room for an-
other 48 hours 
4.2.4 Number of infected seedlings 
The number of infected seedlings was recorded twice, first after 48 
hours incubation in a misting chamber and second, 48 hours after being 
returned from the misting chamber to the growth room. The percentage of 
infected seedlings for each isolate was calculated. Mortality was also 
assessed as the percentage of seedlings that did not survive after being 





4.2.5 Mycelial compatibility groups (MCGs) 
 Variation of S. sclerotiorum among the isolates from the WA canola 
growing area was tested using one of the conventional methods, namely 
mycelial compatibility groups (MCGs). Due to limited time concern, only thirty 
one isolates of the pathogen were selected to be tested for their mycelial 
compatibility groups. The criteria used to select these 31 isolates were based 
on isolate variation in pathogenicity. The MCGs test method was adapted 
from Burgess et al. (2009) as shown in Figure 4.2. This method 
accommodates six isolates in one Petri dish (diameter 9 cm) and is a simple 
method to campare many isolates. 
 
Figure 4.2 Template in which six isolates (A, B, C, D, E, F) can be com-
pared in a single plate including control pairing where each isolate is 




A small mycelium plug (1 mm2) was placed in the centre of each 
hexagon (Burgess et al. 2009). The pairing schedule for 31 isolates in which 
each isolate was paired with itself and all other isolates in 31 Petri dishes is 
shown in Table 4.1. Three replicate plates were used for each pairing and 
the experiment was repeated two times. Table 4.1 shows that the design 
allows for cross checking (i.e., if isolate 1 has the same MCG as isolate 11 
and isolate 25, then isolates 11 and 25 should be compatible). Compatible 
mycelial groups grow together while there is a gap between incompatible 
mycelial groups. 
Table 4.1 Pairing schedule of 31 isolates of S. sclerotiorum in which each 
isolate was paired with itself and all others in 31 Petri dishes 
Plate 
no. 
Position on template 
A B C D E F 
1 1 2 3 4 5 6 
2 1 7 8 9 10 11 
3 1 12 13 14 15 16 
4 1 17 18 19 20 21 
5 1 22 23 24 25 26 
6 1 27 28 29 30 31 
7 2 7 12 17 22 27 
8 2 8 13 18 23 28 
9 2 9 14 19 24 29 
10 2 10 15 20 25 30 
11 2 11 16 21 26 31 
12 3 7 13 19 25 31 
13 3 8 14 20 26 27 
14 3 9 15 21 22 28 
15 3 10 16 17 23 29 
16 3 11 12 18 24 30 
17 4 7 14 21 23 30 




19 4 9 16 18 25 27 
20 4 10 12 19 26 28 
21 4 11 13 20 22 29 
22 5 7 15 18 26 29 
23 5 8 16 19 22 30 
24 5 9 12 20 23 31 
25 5 10 13 21 24 27 
26 5 11 14 17 25 28 
27 6 7 16 20 24 28 
28 6 8 12 21 25 29 
29 6 9 13 17 26 30 
30 6 10 14 18 22 31 
31 6 11 15 19 23 27 
  
4.2.6 Statistical analysis 
Seedling mortality from each isolate of S. sclerotiorum 48 hours after 
incubation in the misting chamber and 48 hours after being returned to the 
growth room were analysed using GenStat 16® software (Release 16, Lawes 
Agricultural Trust - Rothamsted Experimental Station). 
4.3 Results 
4.3.1 Seedling mortality after inoculation of pathogen  
Results of mycelial agar plug inoculations indicated that there was 
variation in pathogenicity among the isolates of S. sclerotiorum and these 
were categorized as being low, medium or high level of pathogenicity, as 





Figure 4.3 Pathogenicity level of isolates of S. sclerotiorum in the growth 
room at 48 hours after being returned from the misting chamber: (A) con-
trol, (B) high pathogenicity, (C) low pathogenicity 
Analysis of variance of seedling mortality at 48 hours incubation in the 
misting chamber and at 48 hours in the growth room is shown in Table 4.2. 
The table shows that there were highly significant differences (P≤0.001) in 
seedling mortality among 140 isolates of S. sclerotiorum 48 hours after 
incubation in the misting chamber. In addition, there were highly significant 
differences (P≤0.001) in seedling mortality 48 hours after being brought 




Table 4.2 ANOVA of seedling mortality at 48 hours after being incubated 
in a misting chamber and at 48 hours after being replaced into 
a growth room 
Source of  
variation 
d.f. s.s. m.s. v.r. F pr. 
After 48 hours incubation in a misting chamber 
Isolate 139 38.31801 0.27567 13.88 <0.001 
Residual 420 8.34028 
0.01986 
Total 559 46.65828 
After a subsequent 48 hours in a growth room 
Isolate 139 48.74504 0.35068 7.10 <0.001 
Residual 420 20.75000 
0.04940 
Total 559 69.49504 
 
Seedling mortality 48 hours after incubation in the misting chamber 
and 48 hours later after being returned to the growth room is shown in 
Figure 4.4. The figure (upper graph) shows that 48 hours after incubation in 
the misting chamber only 5 isolates of S. sclerotiorum caused 100% seedling 
mortality, while 26 isolates caused 0% mortality. The figure (upper graph) 
also shows that the highest frequency of seedling mortality was 10% caused 
by 44 isolates. The pathogenicity level of each isolate of S. sclerotiorum was 
further investigated after seedlings were returned to the growth room for 
another 48 hours. Here 33 isolates caused 100% seedling mortality (Figure 








Figure 4.4 Frequency of seedling mortality after 48 hours incubation in a 
misting chamber (top) and 48 hours later after being returned to a 
growth room (lower). Different colours means different percentage of 
seedling mortality. Values are means (n=4) ± SE  




4.3.2 Pathogenicity of isolates of Sclerotinia sclerotiorum 
Variation in virulence among 31 selected isolates is shown in Figure 
4.5. Cotyledons of ten days old seedlings were inoculated with each isolate 
of S. sclerotiorum.  
 
Figure 4.5 Pathogenicity of the 31 selected isolates of S. sclerotiorum 
used for the mycelial compatibility groups (MCGs) test. Different colours 
indicate different pathogenicity level of each isolate. Values are means 
(n=4) ± SE 
Figure 4.5 shows pathogenicity level of 31 selected isolates of S. 
sclerotiorum for further MCG tests. Pathogenicity ranged from 4% to 100% 
with 2 isolates have pathogenicity under 20%, 4 isolates with pathogenicity 
between 20-40%, 6 isolates with pathogenicity between 40-60%, 11 isolates 




tween 80-100%. More isolates with high pathogenicity level were selected 
due to percentage of the isolates with high pathogenicity level were higher 
compared to low and medium pathogenicity level. 
4.3.3 Mycelial compatibility groups of isolates of Sclerotinia 
sclerotiorum 
Genetic variation of S. sclerotiorum among the isolates from WA 
canola growing areas was tested using the improved MCGs methods 
proposed by Burgess et al. (2009). Thirty one isolates of the pathogen were 
selected for MCG tests (Figure 4.6).  
 
Figure 4.6 Mycelial compatibility groups (MCGs) test of isolates of S. scle-
rotiorum.  Incompatibility is shown by the presence of a border between 
two isolates (red circle) while compatibility is shown by no border be-




Figure 4.6 shows that 6 isolates were able to be accommodated in 
one Petri dish to test the compatibility among the isolates of S. sclerotiorum 
from WA. Result of compatibility groups among 31 selected isolates is shown 
in Table 4.3. 
Table 4.3 Mycelial compatibility groups (MCGs) test of first 31 isolates of 
S. sclerotiorum 
MCGs Isolates 
MCG 1 Isolate 1, 7, 12, 13, 17, 20, 21, 25, 26, 27, 30, 31 
MCG 2 Isolate 2, 3, 9, 10, 11, 15, 23, 24, 28, 29 
MCG 3 Isolate 4 
MCG 4 Isolate 5 
MCG 5 Isolate 6 
MCG 6 Isolate 8, 14, 18 
MCG 7 Isolate 16 
MCG 8 Isolate 19 
MCG 9 Isolate 22 
Results indicated the first 31 isolates tested consisted of 9 different 
mycelial compatibility groups. MCG 1 consisted of 12 isolates where those 
isolates were isolated from different regions and have different level of path-
ogenicity. Moreover, MCG 2 consisted of 10 isolates also indicated that those 
isolates isolated from different regions and different level of pathogenicity. 
4.4 Discussion  
Significant differences in virulence level were observed among the 
140 isolates of S. sclerotiorum. Althogh this research did not observe into de-




several mechanisms are employed by the pathogen to overcome plant 
defences such as the production of oxalic acid (OA) which suppresses the 
hypersensitive response. Previous research by Garg et al. (2010) has 
confirmed that oxalic acid cell and wall degrading enzymes are two key 
pathogenicity factors for S. sclerotiorum but recent research has found other 
factors to be involved in pathogenicity of S. sclerotiorum. The pathogen also 
utilizes hydrolytic enzymes to degrade cell structure and necrosis-inducing 
molecules to cause cell death (Bashi 2011). Previous work by Bashi (2011) 
identified that the gene encoding a cutinase in the S. sclerotiorum genome, 
namely SsCutA was expressed after mycelia of the pathogen were placed in 
contact with the cuticle or another solid surface.  
Moreover, Bashi (2011) suggested that cutinase only plays a role in 
cuticle penetration as the expression of this enzyme was limited to the very 
early stages of infection. Also, host integrity is maintained by layers of 
polysaccharides in the plant cell wall. In this case, S. sclerotiorum produces a 
suite of pectin degrading enzymes and a gene encoding a novel endo-
polygalacturonase (PG). Two S. sclerotiorum PGs were demonstrated to 
induce necrosis in the host plant (Bashi 2011). Furthermore, Bashi (2011) 
also identified two S. sclerotiorum necrosis and ethylene inducing peptides 
(NEPs) which caused necrotic lesions to form on the host plant. There is an 
integration and coordination of multiple S. sclerotiorum pathogenicity factors 
during infection. Sclerotinia is one of 12 fungal plant pathogens that 




Identifying mechanisms in the colonization of plant tissue by this fungal 
pathogen have been the focus of considerable research (Cessna et al. 2000).  
In Australia, Garg et al. (2010) found that there was no correlation 
between pathogenicity of S. sclerotiorum and either growth rate or colour of 
mycelia from 8 isolates they assessed. In our larger collection of 140 isolates, 
we also found that there is no correlation between the speed of mycelial 
growth and the pathogenicity level of the pathogen. This means that 
pathogenic variations among isolates of S. sclerotiorum are more likely to be 
influenced by other factors such as expression of key enzymes than mycelial 
growth rate. Necrotic tissues that subsequently developed patches of fluffy 
white mycelium normally develop from lesions and these are the clearest 
sign of plants infected by S. sclerotiorum. During the early development of 
lesions, plants may not appear to be affected by the disease. However, 
wilting will occur if the fungus progresses into the main stems. Infected 
tissues will appear bleached and shredded as the lesions develop, leaving 
only vascular tissues. 
The typical symptoms of the disease caused by S. sclerotiorum are rot 
in the stems, leaves, and pods of canola. The collapse of the plant due to 
stem infection near the soil is the first symptom of infection. This symptom is 
followed by the development of soft rot and external white mycelium. The 
aggressiveness of S. sclerotiorum may vary due to different strains. 





The pathogenicity of isolates should be further evaluated in field 
conditions as many factors can influence pathogenicity including the type of 
inoculum, the nutrient status of the pathogen, host characteristics, as well as 
environmental conditions. Identification of factors influencing Sclerotinia 
pathogenicity is very important in order to develop strategies for controlling 
spread of the pathogen among important crops, especially as current control 
measures have proven to be inadequate (Cessna et al. 2000).  
There is a clear understanding of the host-parasite interaction at the 
tissue level of Sclerotinia disease, however knowledge on the process of 
infection and pathogenesis is incomplete and details about specific areas of 
physiology, biochemistry and molecular aspects are especially lacking 
(Saharan and Mehta 2008). To gain insight into the interaction between S. 
sclerotiorum and its host, particular attention must be paid to the secretome 
of S. sclerotiorum, especially a protein toxin named cerato-platanin was 
detected by sequence alignment (Jiang 2013). The gene encoding cerato-
platanin named SsCP1, is conserved in Ascomycota. The expression of SsCP1 
increases greatly during infection of the host plant. The SsCP1 gene was 
silenced using Agrobacterium tumefaciens mediated transformation (ATMT) 
and the silenced transformants exhibited reduction of pathogenicity on 
canola (Jiang 2013). 
Host-pathogen interactions are controlled by complex gene regulatory 
networks and are specified in a cell and tissue. The interaction between the 
fungal pathogen S. sclerotiorum and the host plant Brassica napus L. 




host and pathogen interaction is becoming clearer, however there is little 
information available for Sclerotinia, especially its pathogenicity against 
canola. Moreover, how this interaction is understood at the genetic and 
cellular level is unknown (Belmonte et al. 2013). Physiological studies by 
Morrall et al. (1972) emphasized pectolytic enzyme production because these 
enzymes are thought to play a role in pathogenicity.  Although the 
pathogenicity tests of S. sclerotiorum isolates were performed only on 
seedlings, they did reveal considerable differences among the isolates. 
Moreover, a study by Morrall et al. (1972) found that some isolates obtained 
from a single locality were dissimilar in pathogenicity, morphology, and 
physiological characteristics. Even two single ascospore cultures from the 
same apothecium had very different characteristics.  
A number of molecular techniques are available for the analysis of 
genetic variability both within and between MCGs such as random amplified 
polymorphic DNA (RAPD) analysis (Williams et al. 1990) which is a technique 
that has proven useful at the species and subspecies levels of fungal taxa. In 
China, RAPD markers were very effective for identifying genetic diversity 
between isolates from different regions and host plants (Sun et al. 2005). In 
Brazil, the variability or genetic diversity and MCGs of S. sclerotiorum from 
various fields with different host crops throughout Brazil was analysed. 
Isolates were characterised by using 16 random primers of the OPERON 
series that produced 121 DNA fragments. UPGMA cluster was analysed by 
using Jaccard’s genetic distance and MCGs allowed them to separate isolates 




very characteristic grouping according to MCGs but no relationship with 
geographic origin or host type (Litholdo Junior et al. 2011). Furthermore, 
their research also found that analysis of molecular variance showed that 
99.1% of the variation was based on the genetic differences between 
individuals and not based on host culture effect.  
It may be important for disease management systems to consider the 
pathogen population structure and variability in isolate aggressiveness 
(Onaran and Yanar 2011). S. sclerotiorum is a typical necrotrophic fungal 
plant pathogen with a wide host range. S. sclerotiorum secretes OA and cell 
wall degrading enzymes (CWDEs) to infect host tissues; however, recent 
research showed that the process of infection of S. sclerotiorum could not be 
simplified as toxication and degradation only. Effectors, small secretory 
cysteine-rich proteins (SSCPs), play important roles during infection of 
biotrophic or hemi-biotrophic pathogens including S. sclerotiorum. Many 
genome sequence analysis show that SSCPs also exist in S. sclerotiorum 
(Jiang 2013), however, the function of these proteins is not clear. Digital 
gene expression (DGE) profile results showed that the gene expressions of 
these SSCPs are regulated during vegetative growth, sclerotial formation, 
sclerotia germination, stripe development (sexual reproduction) and early 
stages of infection. It is suggested that S. sclerotiorum is likely to develop 
many approaches to facilitate its growth on and colonization of the host 
(Jiang 2013). 
Biological characteristics, pathogenicity and MCGs of S. sclerotiorum 
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Chapter 5: Isolation, Screening and Identification 
of Potential Western Australian Biological Control 
Agents to Control Sclerotinia sclerotiorum 
5.1 Introduction 
Sclerotinia stem rot (SSR) disease caused by the plant pathogenic 
fungus S. sclerotiorum is one of the most important plant diseases causing 
yield loss worldwide (Bolton et al. 2006) as well as in the WA canola industry 
(Khangura and MacLeod 2012). Strategies to reduce disease loss in canola 
mainly rely on the use of chemical fungicides (Rimmer et al. 2007). However, 
consumer concern about the impact of chemical fungicides is gaining mo-
mentum and this has lead to increased demand for eco-friendly products 
which are relatively free from chemical residues (Raaijmaker et al. 2002). 
This in turn has stimulated research interest in biological control of plant 
pathogens (Raaijmakers et al. 2002).  
An increasing trend in eco-friendly agriculture is the substitution of 
biological control for conventional chemical use in controlling plant diseases 
(Weller 1988). In biological control, the use of biological control agents 
(BCAs) is a key to achieving results (Saharan and Mehta 2008). The limited 
availability of commercialized BCAs has been a major constraint to the devel-
opment of eco-friendly agriculture worldwide (Vincent et al. 2007). The key 
factor in developing effective and efficient BCAs is the exploration for more 
potential BCAs across agricultural growing regions worldwide. BCAs, it is 
argued, have an important role in reducing the use of chemical pesticides in 




isolation, screening and identification of local BCAs is needed, including in 
WA which enforces its own biosecurity and quarantine Act.  
Several investigations have been conducted to explore potential BCAs 
from a wide range of niches such as the rhizosphere, phyllosphere, sclerotia, 
and other habitats (Whipps et al. 2008). Research has been conducted to 
test the potential of fungal BCAs against S. sclerotiorum such as the use of 
antagonistic Coniothyrium minitans to control SSR disease in some countries 
(Whipps et al. 2008). Some success stories also include the use of antagonis-
tic Trichoderma spp. (Lopes et al. 2012).  
There is an opportunity to obtain fungal and bacterial BCAs from local 
agricultural regions because potential BCAs have already become established 
with the pathogen in the ecosystem. However, the concentration and 
distribution of potential fungal and bacterial BCAs in natural ecosystems can 
be very limited and therefore research to discover new and potential 
candidates is invaluable (Lopes et al. 2012). In Australia, potential bacterial 
BCAs such as Bacillus cereus (SC-1 and P-1) and Bacillus subtilis (W-67) have 
been reported to control radial mycelial growth and germination of sclerotia 
as well as field control in New South Wales (Kamal et al. 2015). However, in 
WA, the research in this chapter is the first to explore the potential of fungal 
and bacterial BCAs. 
Research on sustainable management of SSR disease on canola has 
been conducted in some fields such as agronomic management (Abd-
Elgawad et al. 2010) as well as searching for resistant genotypes (Barbetti et 




cult to develop due to gene-for-gene specificity in the host pathogen interac-
tion not being found/exhibited (Li et al. 2006). There is no currently resistant 
variety of Australian canola available and management of this disease still 
relies on the strategic use of fungicides in combination with cultural man-
agement practices (Khangura & McLeod 2012). Control of SSR disease by 
fungicide alone is less effective due to mismatch in spraying time and asco-
spore release (Bolton et al. 2006). Many fungicides also gradually lose effica-
cy due to the increasing development of resistant strains of S. sclerotiorum 
(Zhang et al. 2003). Decreasing fungicide performance over time, reduced 
cost-benefit ratio of chemical control as well as increasing concern about en-
vironmental impacts from chemical fungicides have led to alternative strate-
gies for controlling S. sclerotiorum on canola. One of the alternative strate-
gies that is gaining more interest is biological control. Interest in biological 
control of SSR diseases on canola has increased over the last few decades 
(Saharan and Mehta 2008). 
The objectives of the work reported in this chapter were: (1) to isolate 
potential fungal BCAs (F-BCAs) and bacterial BCAs (B-BCAs) from WA canola 
growing areas to control S. sclerotiorum; (2) to investigate the efficacy of 
potential F-BCAs and B-BCAs in inhibiting radial mycelial growth of S. 
sclerotiorum and their ability to reduce the sclerotial formation by the 





5.2 Materials and methods 
5.2.1 Isolation of potential biological control agents 
Potential BCAs were isolated from canola plants, sclerotia of S. sclero-
tiorum and soil. Root, stem and pod samples from approximately 500 
diseased canola plants from southern region of WA were collected and cut 
into small pieces (3 mm length). Samples were sterilized using 1% NaHClO3 
solution for two minutes and rinsed three times with sterilized distilled water. 
Samples were dried on tissue paper before being placed into a Petri dish on 
PDAA medium and incubated in a 21oC growth room with 12 hours 
photoperiod. After 48 hours of incubation, potential BCAs that grew from the 
samples were observed and reinoculated onto new Petri dishes. 
Soil samples were collected from canola fields during the growing 
season of 2012 in the South Western agricultural region of WA. The soil 
samples were put in small plastic pots (diameter 10 cm) along with ten 
surface sterilised sclerotia to attract the BCAs. The pots were then incubated 
in a 21oC growth room for three months. After that, sclerotia were removed 
and directly transferred to Petri dishes containing PDA media and put in a 
growth room. Three days after inoculation, Petri dishes were monitored for 
potential fungal or bacterial growth around the sclerotia. Potential F-BCAs, 
which grew from or around the sclerotia, were isolated for further investiga-
tion onto PDAA media and potential B-BCAs were transferred to peptone 




Petal samples (approximately 2000 petals) from healthy and diseased 
canola plants were collected from farmers’ fields around WA. Petal samples 
were directly inoculated into Potato Dextrose Agar + Streptomycin & 
Ampicillin (PDSA) medium in Petri dishes then incubated in a 21oC growth 
room with 12 hours photoperiod. After 48 hours of incubation, all fungi and 
bacteria grown from petal samples were isolated for further investigation. 
Sclerotia samples from inside the stem tissue (approximately 2000 
sclerotia) were collected from diseased canola plants in 2013. Samples were 
sterilized using 1% NaHClO3 solution for two minutes and rinse three times 
with sterilized distilled water. Sclerotia samples were directly inoculated into 
PDA media in Petri dishes then incubated in a 21oC growth room with 12 
hours photoperiod. After 48 hours of incubation, all fungi and bacteria grown 
from sclerotia samples were isolated for further investigation. Potential F-
BCAs, which grew from or around the sclerotia, were isolated for further in-
vestigation onto PDAA media and potential B-BCAs were transferred to 
peptone yeast dextrose agar (PYDA). 
5.2.2 Isolate culture and maintenance 
Candidates for potential F-BCAs were maintained on PDAA and poten-
tial B-BCAs on PYDA media at 4oC in a cold room for further investigation.  
5.2.3 Mycelial and colony growth of potential BCAs 
F-BCAs: A 3-day-old, PDAA grown, 5 mm mycelial disc from each F-
BCA was placed in the centre of Petri dishes and incubated in growth room 




mycelial growth was recorded at 24 and 48 hours after incubation in order to 
observe mycelial growth of each potential F-BCA. 
B-BCAs: A 1-day-old, PYDA grown bacterial BCA was streaked onto 
new PYDA media in Petri dishes and incubated in a growth room at 21oC with 
12 hours photoperiod. Three replicates were prepared. Growth and colony 
colour of bacterial BCA were observed 24 hours after incubation and photo-
graphed. The relative extent of colonization of the Petri dish was used to 
rank colony growth rate in order to know the growth rate of each potential 
B-BCA. 
5.2.4 Dual culture test of F-BCAs  
 A 3-day-old of mycelial plug (5 mm diameter) of each F-BCA isolate 
was incubated on PDAA, about 1 cm from the edge of each Petri dish. A my-
celial plug of S. sclerotiorum, removed from the colony margin of a 3-day-old 
culture grown on PDAA, was placed 7 cm away from the plug of the F-BCA 
isolate in the same Petri dish. Three replicates were prepared. Petri dishes 
similarly inoculated, but with F-BCAs or S. sclerotiorum alone, were used as 
controls. Plates were incubated in a 22oC growth room for 3 days, and were 
examined after 72 hours for inhibition zones between F-BCAs and the S. scle-
rotiorum isolate. At the end of the incubation period, radial mycelial growth 
was measured. Radial mycelial growth reduction was calculated in relation to 
growth of the control as follows: % Inhibition of radial mycelial growth = 
[(C-T) ∕ C] × 100, where C is the radial mycelial growth measurement of the 




gen in presence of F-BCAs (Simonetti et al. 2012). After two weeks of incu-
bation, the number of sclerotia produced by S. sclerotiorum in each Petri dish 
was calculated and the percentage of sclerotial formation inhibition was cal-
culated with the same formula above with adjustment to sclerotial formation.  
5.2.5 Dual culture test of B-BCAs 
Three isolates of B-BCAs were tested for their antagonistic effect in 
dual culture tests. For dual culture tests, two inoculation methods were used 
for the pathogen, either mycelial plugs or sclerotia. A 3-day-old mycelial plug 
(5 mm diameter) of S. sclerotiorum isolate 12 was incubated on PYDA about 
1 cm from the edge of each Petri dish. A sclerotiorum produced by S. sclero-
tiorum isolate 12 (after 2 weeks of incubation in Petri dish) was incubated on 
PYDA about 1 cm from the edge of each Petri dish. A 3-day-old culture of 
colony B-BCAs grown on PYDA was streaked 7 cm away from the 
plug/sclerotia of the pathogen isolate in the same petri dish. Petri dishes sim-
ilarly inoculated with each B-BCA or S. sclerotiorum isolate 12 alone were 
used as controls. There were three replicate Petri dishes for each treatment. 
Plates were incubated in a 22oC growth room for 48 hours and were exam-
ined after 48 hours for assessment of inhibition zones between B-BCAs and 
S. sclerotiorum isolates. At end of the incubation period radial growth was 
measured and recorded. Radial growth reduction was calculated in relation 
to growth of the control as follows: % Inhibition of radial mycelial growth = 
[(C-T) ∕ C] × 100, where C is the radial growth measurement of the patho-




presence of B-BCA (Simonetti et al. 2012). The numbers of sclerotia formed 
by the pathogen were recorded two weeks after incubation.  
5.2.6 Species identification of potential BCAs 
Fifteen potential F-BCAs and three potential B-BCAs were identified to 
species level at the Australian Genomics Research Facilities (AGRF) 
laboratories through molecular techniques.  
Molecular identification of F-BCAs: the purified PCR products 
were sequenced using the Sanger Sequencing method. The samples were 
prepared according to DNA sample preparation instructions listed by the 
AGRF (www.agrf.org.au). Each reaction mixture was temperature cycled and 
contained 6-12 ng of PCR product and 0.8 pmol/µl of the specific primer in 
12 µl with H2O. The precise guidelines for sequencing sample submission can 
be found at www.agrf.org.au. The purified PCR products were Sanger-
sequenced using Big-Dye 3.1 (PerkinElmer, Waltham, MA), using forward 
and reverse PCR primers, and analysed using an ABI3730xl. 
Molecular identification of B-BCAs: the AGRF 16S sequencing 
process employs universal primers to interrogate an approximate 800 bp 
region of the 16S ribosomal RNA. The process includes PCR amplification, QC 
gel assessment, PCR purification, sequencing and purification, capillary 
separation and analysis. Bacterial samples were subjected to an initial 
amplification using the universal 16S primers (www.agrf.org.au). The 
amplified product was visualised on a 2% agarose gel to confirm successful 




purification employing magnetic beads; the purified product was 
resuspended in HPLC grade water, then a Big Dye Terminator sequencing 
reaction for both the forward and reverse directions was performed using the 
previously mentioned universal primers. The sequencing products were then 
subject to an automated purification employing magnetic beads; the purified 
product was resuspended in EDTA. Samples were then separated by capillary 
electrophoresis using an Applied Biosystems 3730xl Genetic Analyzer (96 
capillary). All samples were then blasted against the AGRF in-house 16S 
database; this database was derived from publically available 16S databases 
(greengenes). Each 16S sequencing batch includes a positive control sample 
and a negative control sample, each control was processed in triplicates. 
Positive control sample consistently generates the same BLAST result. 
Indication of sequence in the negative control sample requires the entire 
batch to be reprocessed. 
5.2.7 Statistical analysis 
Analysis of variance (ANOVA) of radial mycelial growth and inhibition 
by F-BCAs at 24 and 48 hours after incubation and sclerotial formation by F-
BCAs and B-BCAs was done using GenStat 16® software (Release 16, Lawes 
Agricultural Trust - Rothamsted Experimental Station). 
5.3 Results 
5.3.1 Isolates of potential F-BCAs 
Fifteen potential F-BCAs were isolated from canola growing regions 




biological control agents and grown in Petri dishes on PDAA. Mycelial growth 
of each isolate at 7 days after incubation is shown in Figure 5.1. Mycelial 
colour of the fifteen potential F-BCAs showed wide variation, being: dark 
green, light green, green, whitish green, brownish green, yellowish white, 
and white.  
 
Figure 5.1 Mycelial growths of fifteen isolates of potential F-BCAs from 
WA on PDAA media 7 days after incubation. From left to right: top row F-
BCA1, F-BCA2, F-BCA3, F-BCA4, F-BCA5; second from top row F-BCA6, F-
BCA7, F-BCA8, F-BCA9, F-BCA10; and bottom row F-BCA11, F-BCA12, F-
BCA13, F-BCA14, F-BCA15 
ANOVA of radial mycelial growth of each F-BCA at 24 and 48 hours af-
ter incubation is given in Table 5.1. There were highly significant differences 






Table 5.1 ANOVA for radial mycelial growth of F-BCAs at 24 and 48 hours 
after incubation 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Radial mycelial growth 24 hrs 
Isolates_name 14 3.04311 0.21737 16.58 <0.001 
Residual 30 0.39333 0.01311 
Total 44 3.43644 
Radial mycelial growth 48 hrs 
Isolates_name 14 32.95644 2.35403 72.06 <0.001 
Residual 30 0.98000 0.03267 
Total 44 33.93644 
Details of radial mycelial growth of each F-BCA is shown in Figure 
5.2.
 
Figure 5.2 Radial mycelial growth of fifteen potential F-BCAs on PDAA 
media at 24 and 48 hours after incubation. Least significant difference of 
means (l.s.d.) at 5% level at 24 hours after incubation was 0.1909 and at 
48 hours was 0.3014. Columns having different letters at each incubation 




Figure 5.2 shows that at 24 hours after incubation isolate F-BCA9 had 
the highest radial mycelial growth rate with diameter of 3.17 cm, followed by 
F-BCA11 and F-BCA14 with diameters of 2.83 and 2.63 cm, respectively. 
Isolate F-BCA12 had relatively low radial mycelial growth rate of only 2.03 
cm followed by F-BCA4 and F-BCA5 with diameter of 2.20 and 2.23 cm, 
respectively.  
F-BCA9 had the fastest radial mycelial growth with a diameter of 8.5 
cm at 48 hours after incubation. This isolate also had the greatest growth 
rate after 24 hours. However, isolate F-BCA14 outgrew F-BCA11 with 
diameter of 7.53 cm and 7.20 cm, respectively, which was in reverse to their 
relative growth rate at 24 hours. F-BCA12, which had the slowest growth 
rate at 24 hours, had a 48 hour growth rate of 6.53 cm, which was greater 
than F-BCA4 and F-BCA5 with diameters of 5.43 cm and 5.73 cm, 
respectively.  
5.3.2 Biological control by potential F-BCAs 
All potential F-BCA isolates showed some capacity to inhibit the radial 
mycelial growth of S. sclerotiorum as well as reduce the number of sclerotia 
formed by the pathogen in dual culture tests in Petri dishes. Morphology of 
dual cultures of fifteen potential F-BCAs against isolate 12 of the pathogen 
are shown in Figure 5.3. This shows the potential of the fifteen F-BCAs to 
inhibit the radial mycelial growth of S. sclerotiorum isolate 12 in dual culture 






Figure 5.3 Dual cultures of fifteen potential F-BCAs against S. scleroti-
orum (isolate 12) on PDAA media. Each F-BCA is on the left side and the 
pathogen is in the right side of the Petri dish. From left to right: top row: 
F-BCA1, F-BCA2, F-BCA3, F-BCA4, F-BCA5; second from top row: F-BCA6, 
F-BCA7, F-BCA8, F-BCA9, F-BCA10; and bottom row: F-BCA11, F-BCA12, 
F-BCA13, F-BCA14, F-BCA15 
ANOVA of the inhibition of radial mycelial growth and inhibition of 
sclerotial formation by F-BCAs is shown in Table 5.2. Table 5.2 shows that 
there were highly significant differences (P≤0.001) in both inhibition of both 
radial mycelial growth and sclerotial formation by the pathogen among the 
15 F-BCAs. Each isolate of F-BCA has potential to inhibit the radial mycelial 
growth of S. sclerotiorum with inhibition ranging from 46-60%. The highest 
inhibition was caused by isolate F-BCA9. Each F-BCA had an impact on 
sclerotia production by the pathogen. The presence of F-BCAs decreased 
sclerotial formation by S. sclerotiorum from 65-100%. Isolates F-BCA12 and 




isolate F-BCA13 and F-BCA10 had the least potential to inhibit sclerotial for-
mation, reducing sclerotia by 65% and 70%, respectively. 
Table 5.2 ANOVA for the inhibition of radial mycelial growth and inhibition 
of sclerotial formation by F-BCAs 
Source of variation d.f. s.s. m.s. v.r. F pr. 
% pathogen radial mycelial growth inhibition 
Isolates_Name 14 691.688 49.406 7.36 <0.001 
** 
Residual 30 201.257 6.709 
Total 44 892.945 
% pathogen sclerotial formation inhibition 
Isolates_Name 14 4846.57 346.18 12.55 <0.001 
** 
Residual 30 827.41 27.58 
Total 44 5673.97 
 
Colonization of sclerotia in soil indicated that sclerotia were colonized 
by the spores of each F-BCA and therefore all sclerotia in the presence of F-
BCAs could not form any new sclerotia in Petri dishes. No replicates for any 





Figure 5.4 Isolation of sclerotia after being colonized by each isolate of F-
BCAs in soil. From left to right: top row (sclerotia in the presence of F-
BCA1, F-BCA2, F-BCA3, F-BCA4); second from top row (F-BCA5, F-BCA6, 
F-BCA7, F-BCA8); third from top row (F-BCA9, F-BCA10, F-BCA11, F-
BCA12); bottom row (F-BCA13, F-BCA14, F-BCA15, control sclerotia only)  
5.3.3 Isolates of potential B-BCAs 
Three isolates of potential B-BCAs from WA canola growing areas 





Figure 5.5 Bacterial colony from three isolates of potential B-BCAs from 
WA on PYDA media after 24 hours incubation. From left to right: B-BCA1, 
B-BCA2 and B-BCA3  
The colony colour of each B-BCA was slightly different. Colony colour 
of isolates of B-BCA1, B-BCA2 and B-BCA3 were light yellow, yellow, and 
whitish yellow, respectively. Isolate B-BCA3 had the fastest colony growth 
rate as well as the softest and more watery colony. Isolate B-BCA2 can clear-
ly been seen to have the slowest colony growth rate compared with B-BCA1 
and B-BCA3 (Figure 5.5). B-BCA2 had a much drier colony compared with B-
BCA1 and B-BCA3.  
5.3.4 Biological control by potential B-BCAs 
A. Dual culture with inoculum of pathogen from mycelial agar 
plug: Inhibition of radial mycelial growth and sclerotial formation of S. 





Figure 5.6 Dual culture tests of three potential B-BCAs against S. scleroti-
orum isolate 12 on PYDA media: (A) B-BCA1, (B) B-BCA2, (C) B-BCA3 and 
(D) Control pathogen only. Inoculum source of pathogen was from a my-
celial agar plug which placed in left side of each Petri dish 
Figure 5.6 shows that the three isolates of potential B-BCAs from WA 
have the ability to inhibit the radial mycelial growth and sclerotial formation 
of the Isolate 12 of S. sclerotiorum in in-vitro. ANOVA of inhibition percent-












Table 5.3 ANOVA inhibition percentage of radial mycelial growth and scle-
rotial formation by B-BCAs in Petri dishes with inoculum of 
pathogen from mycelial agar plug  
Source of variation d.f. s.s. m.s. v.r. F pr. 
 % pathogen radial mycelial growth inhibition 
Isolates_Name 2 3.61 1.80 0.07 0.934 
ns Residual 6 156.15 26.02 
Total 8 159.76 
 % pathogen sclerotial formation inhibition 
Isolates_Name 2 86.95 43.47 3.99 0.079 
ns Residual 6 65.21 10.87 
Total 8 152.16 
 
There was no significant difference (ns) among three potential B-BCAs 
in inhibiting the radial mycelial growth of the pathogen (P=0.934 >0.05) as 
well as sclerotial formation (P=0.079 >0.05). The inhibition percentage of 
radial mycelial growth and sclerotial formation ranged from 57-59% and 89-
95%, respectively.  
B. Dual culture with inoculum of pathogen from sclerotia: 
Inhibition of radial mycelial growth and sclerotial formation of S. sclerotiorum 





Figure 5.7 Dual culture tests of three potential B-BCAs against S. scleroti-
orum isolate 12 on PYDA media: (A) B-BCA1, (B) B-BCA2, (C) B-BCA3, (D) 
Control sclerotia only. Inoculum source of pathogen was sclerotia which 
placed in left side of each Petri dish 
Figure 5.7 shows that three isolates of B-BCAs also have the ability to 
inhibit mycelial growth from sclerotia as well as inhibit sclerotial formation. 
ANOVA of the inhibition of radial mycelial growth and sclerotial formation is 
shown in Table 5.4. There were significant differences (P=0.029 <0.05) in 
inhibition of radial mycelial growth by the 3 B-BCAs. However, there were no 
significant differences (P=0.072 >0.05) in the inhibition of sclerotial for-






Table 5.4 ANOVA of the inhibition percentage of radial mycelial growth 
and sclerotial formation by B-BCAs with inoculum of pathogen 
was from sclerotia 
Source of variation d.f. s.s. m.s. v.r. F pr. 
% pathogen radial mycelial growth inhibition 
Isolates_Name 2 978.82 489.41 6.77 0.029 * 
Residual 6 433.88 72.31 
Total 8 1412.71 
% pathogen sclerotial formation inhibition 
Isolates_Name 2 43.732 21.866 4.20 0.072 
ns Residual 6 31.237 5.206 
Total 8 74.969 
 
Detail of the inhibition of radial mycelial growth and sclerotial for-
mation are shown in Figure 5.8. The inhibition of radial mycelial growth 
ranged from 35-60%. There was no significant different between B-BCA1 
and B-BCA2, but there was a significant difference between B-BCA3 (*) and 
the other isolates. The inhibition of sclerotial formation ranged from 87-93%; 
however, there was no significant difference among the B-BCAs in the ability 






Figure 5.8 Inhibition percentage of radial mycelial growth and sclerotial 
formation of S. sclerotiorum (isolate 12) in the presence of potential B-
BCAs. The pathogen inoculaum was from sclerotia. LSD for the inhibition 
percentage of radial mycelial growth is 16.99 and LSD for the inhibition 
percentage of sclerotial formation is 4.55. Values are means (n=3) 
5.3.5 Molecular identification of BCAs 
Species identification of each potential F-BCA and B-BCA was 
conducted at the AGRF through molecular techniques. Result of molecular 
identification of F-BCAs is shown in Table 5.5. F-BCAs were identified as 
Trichoderma koningiopsis (two isolates), T. paraviridescens (two isolates), T. 
gamsii (three isolates), T. longibrachiatum (two isolates), T. atroviride (four 





Table 5.5 Molecular species identification of fifteen isolates of potential F-
BCAs from canola growing areas across WA 
Assay: ITS Microbial Screen 
Database: nt 
Database Version: 2015 
Processed Date: 8-Feb-2016 







Sample ID: F_BCA1_F_A01.fsta. 
1 
Trichoderma sp. 17 SO-2015 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomalRNA gene, 
partial sequence 
0.0 100.00% 578 0 
2 
Trichoderma koningiopsis isolate 
TV165 internal transcribed spac-
er 1, partial sequence; 5.8S ribo-
somal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 100.00% 578 0 
3 
Trichoderma koningiopsis isolate 
TV115 internal transcribed spac-
er 1, partial sequence; 5.8S ribo-
somal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 100.00% 578 0 
4 
Trichoderma koningiopsis strain 
TJG40 18S ribosomal RNA gene, 
partial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-




quence; and 28S ribosomal RNA 
gene, partial sequence 
5 
Uncultured fungus clone PhA1 2 
18S ribosomal RNA gene, partial 
sequence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequence 
0.0 100.00% 578 0 
Sample ID: F_BCA2_F_A02.fsta. 
1 
Trichoderma koningiopsis isolate 
TV165 internal transcribed spac-
er 1, partial sequence; 5.8S ribo-
somal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.66% 585 0 
2 
Trichoderma koningiopsis isolate 
TV115 internal transcribed spac-
er 1, partial sequence; 5.8S ribo-
somal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.66% 585 0 
3 
Trichoderma koningiopsis isolate 
TV159 internal transcribed spac-
er 1, partial sequence; 5.8S ribo-
somal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.49% 586 1 
4 
Trichoderma sp. 17 SO-2015 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 




spacer 2, complete sequence; 
and 28S ribosomalRNA gene, 
partial sequence 
5 
Trichoderma koningiopsis strain 
Nib 18S ribosomal RNA gene, 
partial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-
quence; and 28S ribosomal RNA 
gene, partial sequence 
0.0 100.00% 577 0 
Sample ID: F_BCA3_F_A03.fsta. 
1 
Trichoderma paraviridescens 
strain FL-F24 internal transcribed 
spacer 1, partial sequence; 5.8S 
ribosomal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 584 0 
2 
Trichoderma viridescens strain 
TRI2 18S ribosomalmRNA gene, 
partial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-
quence; and 28S ribosomal RNA 
gene, partial sequence 
0.0 99.83% 585 1 
3 
Trichoderma viride (strain BBA 
65450) 5.8S rRNA and partial 
18S and 28S rRNA genes and 
ITS1 and ITS2gb—
DQ109537.1— Trichoderma sp. 
GJS 97-273 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal-




RNA gene, partial sequence 
4 
Trichoderma koningiopsis isolate 
TV165 internal transcribed spac-
er 1, partial sequence; 5.8S ribo-
somal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.66% 584 0 
5 
Trichoderma koningiopsis isolate 
TV115 internal transcribed spac-
er 1, partial sequence; 5.8S ribo-
somal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.66% 584 0 
Sample ID: F_BCA4_R_E12.fsta. 
1 
Trichoderma gamsii isolate 72 
18S ribosomal RNA gene, partial 
sequence; internal transcribed 
spacer 1 and 5.8S ribosomal 
RNA gene, complete sequence; 
and internal transcribed spacer 
2, partial sequence 
0.0 100.00% 580 0 
2 
Trichoderma gamsii clone 2 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequence 
0.0 99.83% 584 1 
3 
Trichoderma gamsii clone 1 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 




and 28S ribosomalRNA gene, 
partial sequence 
4 
Trichoderma gamsii strain 
CQBN3005 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 584 1 
5 
Hypocrea koningii isolate NG 14 
18S ribosomal RNA gene, partial 
sequence; internaltranscribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequence 
0.0 99.83% 584 1 
Sample ID: F_BCA5_R_D05.fsta. 
1 
Trichoderma gamsii clone 2 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomalRNA gene, 
partial sequence 
0.0 99.83% 585 1 
2 
Trichoderma gamsii clone 1 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomalRNA gene, 
partial sequence 
0.0 99.83 585 1 
3 Trichoderma gamsii strain 
CQBN3005 18S ribosomal RNA 




gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
4 
Hypocrea koningii isolate NG 14 
18S ribosomal RNA gene, partial 
sequence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequence 
0.0 99.83% 585 1 
5 
Trichoderma gamsii isolate MI-
AE00029 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequencegb—
HM176560.1—Trichoderma 
gamsii isolate MIAE00030 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequencegb—
HM176564.1—Trichoderma 
gamsii isolate MIAE00034 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequencegb—





gamsii isolate MIAE00037 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequenceemb—
FN812801.2— Uncultured fungus 
genomic DNA containing 18S 
rRNA gene, ITS1, 5.8S rRNA 
gene, ITS2, 28S rRNA gene, 
clone 3-91emb—FN812802.2— 
Uncultured fungus genomic DNA 
containing 18S rRNA gene, ITS1, 
5.8S rRNA gene, ITS2, 28S rRNA 
gene, clone 3-129emb—
FN812803.2—Uncultured fungus 
genomic DNA containing 18S 
rRNA gene, ITS1, 5.8S rRNA 
gene, ITS2, 28S rRNA gene, 
clone 3-122emb—FN812804.2— 
Uncultured fungus genomic DNA 
containing 18S rRNA gene, ITS1, 
5.8S rRNA gene, ITS2, 28S rRNA 
gene, clone 3-149 
Sample ID: F_BCA6_R_D06.fsta. 
1 
Trichoderma atroviride isolate 
NG 13 18S ribosomal RNA gene, 
partial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-
quence; and 28S ribosomal RNA 
gene, partial sequence 
0.0 99.83% 584 1 
2 
Hypocrea viridescens strain G56 
18S ribosomal RNA gene, partial 
sequence; internal transcribed 




spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequenceemb—
FN812819.2— Uncultured fungus 
genomic DNA containing 18S 
rRNA gene, ITS1, 5.8S rRNA 
gene, ITS2, 28S rRNA gene, 
clone 3-69 
3 
Trichoderma sp. 5/97-1 ITS1, 
5.8S rRNA gene and ITS2, iso-
late 5/97-1 
0.0 99.83% 584 1 
4 
Uncultured fungus genomic DNA 
containing 18S rRNA gene, ITS1, 
5.8S rRNA gene, ITS2, 28S rRNA 
gene, clone 3-53 
0.0 99.66% 584 1 
5 
Hypocrea viridescens strain DA-
OM 237554 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 580 1 
Sample ID: F_BCA7_R_D07.fsta. 
1 
Trichoderma longibrachiatum 
isolate MIAE00830 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-
bosomal RNA gene, partial se-
quence 
0.0 99.68% 618 2 
2 Trichoderma longibrachiatum 
isolate MIAE00815 18S riboso-




mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-




isolate MIAE00813 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-
bosomal RNA gene, partial se-
quence 
0.0 99.68% 618 2 
4 
Trichoderma longibrachiatum 
isolate MIAE00807 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-
bosomal RNA gene, partial se-
quence 
0.0 99.68% 618 2 
5 
Trichoderma longibrachiatum 
isolate MIAE00828 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-
bosomal RNA gene, partial se-
quence 
0.0 99.51% 617 1 
Sample ID: F_BCA8_R_D08.fsta. 
1 
Trichoderma atroviride strain 
ASR H26 6A 18S ribosomal RNA 
gene, partial sequence; internal 




transcribed spacer 1 and 5.8S 
ribosomal RNA gene, complete 
sequence; and internal tran-
scribed spacer 2, partial se-
quence 
2 
Trichoderma atroviride isolate 
W3 187WS 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 100.00% 583 0 
3 
Uncultured Trichoderma isolate 
MRRI15 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 586 1 
4 
Trichoderma sp. 1 TMS-2011 
voucher MSbale50-8 18S ribo-
somal RNA gene, partial se-
quence; internal transcribed 
spacer1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequencegb—
HQ631001.1— Trichoderma sp. 
TMS-2011 voucher SC12d100p8-
2 18S ribosomalRNA gene, par-
tial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-
quence; and 28S ribosomal RNA 
gene, partial sequence 





Trichoderma atroviride isolate 
MIAE00220 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 586 1 
Sample ID: F_BCA9_R_D09.fsta. 
1 
Trichoderma atroviride isolate 
W3 187WS 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 100.00% 585 0 
2 
Trichoderma atroviride strain 
ASR H26 6A 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1 and 5.8S 
ribosomal RNA gene, complete 
sequence; and internal tran-
scribed spacer 2, partial se-
quence 
0.0 100.00% 585 0 
3 
Uncultured Trichoderma isolate 
MRRI15 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 588 1 
4 
Trichoderma sp. 1 TMS-2011 
voucher MSbale50-8 18S ribo-
somal RNA gene, partial se-
quence; internal transcribed 




spacer1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequencegb—
HQ631001.1— Trichoderma sp. 
TMS-2011 voucher SC12d100p8-
2 18S ribosomal RNA gene, par-
tial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-
quence; and 28S ribosomal RNA 
gene, partial sequence 
5 
Trichoderma atroviride isolate 
MIAE00220 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 588 1 
Sample ID: F_BCA10_R_D10.fsta. 
1 
Trichoderma longibrachiatum 
isolate MIAE00830 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-
bosomal RNA gene, partial se-
quence 
0.0 99.68% 617 2 
2 
Trichoderma longibrachiatum 
isolate MIAE00815 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 




complete sequence; and 28S ri-




isolate MIAE00813 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-
bosomal RNA gene, partial se-
quence 
0.0 99.68% 617 2 
4 
Trichoderma longibrachiatum 
isolate MIAE00807 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-
bosomal RNA gene, partial se-
quence 
0.0 99.68% 617 2 
5 
Trichoderma longibrachiatum 
isolate MIAE00828 18S riboso-
mal RNA gene, partial sequence; 
internal transcribed spacer 1, 
5.8S ribosomal RNA gene, and 
internal transcribed spacer 2, 
complete sequence; and 28S ri-
bosomal RNA gene, partial se-
quence 
0.0 99.51% 616 1 
Sample ID: F_BCA11_F_A11.fsta. 
1 
Trichoderma paraviridescens 
strain FL-F24 internal transcribed 
spacer 1, partial sequence; 5.8S 
ribosomal RNA gene and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 




RNA gene, partial sequence 
2 
Trichoderma viridescens strain 
TRS35 18S ribosomal RNA gene, 
partial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-
quence; and 28S ribosomal RNA 
gene, partial sequence 
0.0 100.00% 578 0 
3 
Trichoderma samuelsii strain S67 
18S ribosomal RNA gene, partial 
sequence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequence 
0.0 100.00% 578 0 
4 
Trichoderma samuelsii strain S67 
18S ribosomal RNA gene, partial 
sequence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequence 
0.0 100.00% 578 0 
5 
Uncultured Trichoderma clone 
SW 2w D04 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 100.00% 578 0 
Sample ID: F_BCA12_R_D12.fsta. 
1 
Trichoderma atroviride strain 
ASR H26 6A 18S ribosomal RNA 
gene, partial sequence; internal 




transcribed spacer 1 and 5.8S 
ribosomal RNA gene, complete 
sequence; and internal tran-
scribed spacer 2, partial se-
quence 
2 
Uncultured Trichoderma isolate 
MRRI15 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 578 0 
3 
Trichoderma atroviride isolate 
W3 187WS 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 578 0 
4 
Trichoderma sp. 1 TMS-2011 
voucher MSbale50-8 18S ribo-
somal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequencegb—
HQ631001.1— Trichoderma sp. 
TMS-2011 voucher SC12d100p8-
2 18S ribosomal RNA gene, par-
tial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-
quence; and 28S ribosomal RNA 




gene, partial sequence 
5 
Trichoderma atroviride isolate 
MIAE00220 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 578 0 
Sample ID: F_BCA13_R_E01.fsta. 
1 
Trichoderma pseudokoningii 
strain DAOM 167678 18S ribo-
somal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequence 
0.0 99.67% 604 0 
2 
Trichoderma pseudokoningii ITS 
region; from TYPE materi-
alemb—Z31014.1— T. pseudo-
koningii (DAOM 167678) rRNA 
genes and ITS1 and ITS2 
DNAemb—X93970.1— Tricho-
derma pseudokoningii rRNA 
genes and ITS1 and ITS2 DNA, 
strain GJS 83-257 
0.0 99.66% 596 0 
3 
Trichoderma pseudokoningii 
rRNA genes and ITS1 and ITS2 
DNA, strain GJS 81-300 
0.0 99.50% 596 0 
4 
Trichoderma sp. 12 BRO-2013 
18S ribosomal RNA gene, partial 
sequence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 








rRNA genes and ITS1 and ITS2 
DNA, strain ICMP 5421 
0.0 99.33% 596 0 
Sample ID: F_BCA14_R_E02.fsta. 
1 
Trichoderma gamsii clone 2 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomalRNA gene, 
partial sequence 
0.0 99.83% 585 1 
2 
Trichoderma gamsii clone 1 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomalRNA gene, 
partial sequence 
0.0 99.83% 585 1 
3 
Trichoderma gamsii strain 
CQBN3005 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 585 1 
4 
Hypocrea koningii isolate NG 14 
18S ribosomal RNA gene, partial 
sequence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 






Trichoderma gamsii isolate MI-
AE00029 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequencegb 
HM176560.1— Trichoderma 
gamsii isolate MIAE00030 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequencegb—
HM176564.1— Trichoderma 
gamsii isolate MIAE00034 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequencegb—
HM176567.1— Trichoderma 
gamsii isolate MIAE00037 18S 
ribosomal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequenceemb—
FN812801.2— Uncultured fungus 
genomic DNA containing 18S 
rRNA gene, ITS1, 5.8S rRNA 
gene, ITS2, 28S rRNA gene, 
clone 3-91emb—FN812802.2— 




Uncultured fungus genomic DNA 
containing 18S rRNA gene, ITS1, 
5.8S rRNA gene, ITS2, 28S rRNA 
gene, clone 3-129emb—
FN812803.2—Uncultured fungus 
genomic DNA containing 18S 
rRNA gene, ITS1, 5.8S rRNA 
gene, ITS2, 28S rRNA gene, 
clone 3-122emb—FN812804.2— 
Uncultured fungus genomic DNA 
containing 18S rRNA gene, ITS1, 
5.8S rRNA gene, ITS2, 28S rRNA 
gene, clone 3-149 
Sample ID: F_BCA15_R_E03.fsta. 
1 
Trichoderma atroviride strain 
ASR H26 6A 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1 and 5.8S 
ribosomalRNA gene, complete 
sequence; and internal tran-
scribed spacer 2, partial se-
quence 
0.0 100.00% 583 0 
2 
Trichoderma atroviride isolate 
W3 187WS 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 100.00% 581 0 
3 
Uncultured Trichoderma isolate 
MRRI15 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 





Trichoderma sp. 1 TMS-2011 
voucher MSbale50-8 18S ribo-
somal RNA gene, partial se-
quence; internal transcribed 
spacer 1, 5.8S ribosomal RNA 
gene, and internal transcribed 
spacer 2, complete sequence; 
and 28S ribosomal RNA gene, 
partial sequencegb—
HQ631001.1— Trichoderma sp. 
TMS-2011 voucher SC12d100p8-
2 18S ribosomal RNA gene, par-
tial sequence; internal tran-
scribed spacer 1, 5.8S ribosomal 
RNA gene, and internal tran-
scribed spacer 2, complete se-
quence; and 28S ribosomal RNA 
gene, partial sequence 
0.0 99.83% 584 1 
5 
Trichoderma atroviride isolate 
MIAE00220 18S ribosomal RNA 
gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribo-
somal RNA gene, and internal 
transcribed spacer 2, complete 
sequence; and 28S ribosomal 
RNA gene, partial sequence 
0.0 99.83% 584 1 
Result of molecular identification of B-BCAs through 16S rRNA se-
quencing is given in Table 5.6. 
Table 5.6 Molecular species identification of three isolates of potential B-
BCAs from canola growing areas across WA 
Assay:16S Microbial Screen 
Database:Combined_16S 
Database Version: 8th Nov 2012 












teamaculans str. Wg-2 
0.0 99.58% 712 0 
2 
NC_009832.1 Serratia pro-
teamaculans str. 568 
0.0 99.58% 712 0 
3 
CP000826.1 Serratia pro-
teamaculans str. 568 
0.0 99.58% 712 0 
4 
AJ233435.1 Serratia qui-
nivorans str. DSM 
0.0 99.58% 712 0 
5 
AAUN01000015.1 Serratia 
proteamaculans str. 568 
0.0 99.44% 712 0 
Sample ID: 16SQ11665-2_B_BCA2_R_E03 
1 
EU627690.1 Serratia pro-
teamaculans str. Wg-2 
0.0 93.22% 664 0 
2 
NC_009832.1 Serratia pro-
teamaculans str. 568 
0.0 93.22% 664 0 
3 
CP000826.1 Serratia pro-
teamaculans str. 568 
0.0 93.22% 664 0 
4 
AAUN01000015.1 Serratia 
quinivorans str. 568 
0.0 93.22% 664 0 
5 
AAUN01000008.1 Serratia 
proteamaculans str. 568 




trum anthropi str. CCUG 
50899 
0.0 96.62% 681 0 
2 AM490631.1 Ochrobac-
trum intermedium str. CCM 







trum anthropi str. CCUG 
1838 
0.0 95.91% 660 0 
4 
AM114410.1 Ochrobac-
trum anthropi str. CCUG 
44770 








Table 5.6 shows that molecular approaches identified B-BCA1 and B-
BCA2 as Serratia proteamaculans while BCA3 was identified as Ochrobactrum 
anthropi. The highest level of identity for S. proteamaculans and O. anthropi 
were 99.58% and 100%, respectively.  
5.4 Discussion  
Exploration for BCAs was conducted in order to discover the potential 
of WA F-BCAs and B-BCAs which could be used to inhibit mycelial growth and 
reduce sclerotial formation of the plant pathogen S. sclerotiorum causing SSR 
disease on Canola and other brassica crops.  
Fifteen F-BCAs had different radial mycelial growth rate on PDAA 
media. Observation at 24 and 48 hours after incubation showed that the 
potential F-BCAs have the ability to compete  for space due to fast radial 
mycelial growth in-vitro. Colour variations of F-BCAs ranged from dark green, 





Species of the genus Trichoderma can play a significant role in the 
strategy for a sustainable future (Gupta et al. 2014). Previous research has 
looked for novel BCAs and Trichoderma isolates have been the preferred 
choice (Boland and Hall 1994). Colonies of T. harzianum, T. atroviride, and 
T. longibrachiatum always grew faster than S. sclerotiorum in single or mixed 
cultures (Matroudi and Zamani 2009). Different species of Trichoderma act 
positively on plant growth and resistance of plants against disease (Gupta et 
al. 2014). Rapid growth is one of the important competitive advantages 
antagonistic fungi have over plant pathogenic fungi. It enables them to 
compete for space and nutrients. In dual cultures, those three isolates of 
Trichoderma inhibited the mycelial growth of S. sclerotiorum. The greatest 
growth reduction of 93% and 85% was caused by T. atroviride on two 
isolates of S. sclerotiorum (Matroudi and Zamani 2009). Application of 
Trichoderma spp. was successful in reducing disease incidence in 
environments highly conducive to head rot development (Escande et al. 
2002). 
Three isolates of B-BCAs showed slightly different colony colour and 
growth. B-BCA3, with whitish colony colour, showed very fast growth in 
PYDA media, while B-BCA1 and B-BCA2, with yellowish colour, has less rapid 
colony growth as indicated by of its thinner colony 24 hours after incubation. 
Molecular identification through 16S rRNA sequencing indicated that B-BCA1 
and B-BCA2 are isolates of species Serratia proteamaculans. Serratia is a di-
verse and widely dispersed group of gammaproteobacteria (Grimont 2006). 




cally important crops (Kalbe 1996; Kurze 2001) and some others are known 
as opportunistic pathogens of humans and other organisms (Grimont 2006). 
Serratia spp. which are associated with plants have considerable agricultural 
interest and some strains have been studied in relation to their possibility to 
be used as BCAs in agriculture (Kalbe 1996; Kurze 2001). Serratia is among 
the genera with potential as plant growth promoting rhizobacterial traits 
(Bababola 2010). For example, some isolates of Serratia proteamaculans has 
the ability to stimulate plant growth and suppress the growth of several soil-
borne fungal pathogens of economically important crops (Neupane 2013). 
Moreover, B-BCA3 was identified as Ochrobactrum anthropi, a species 
with potential as a BCA and PGPR (Bababola 2010). This species is a gram-
negative bacterium that has a membrane structure composed of an outer 
membrane, periplasmic space, and inner membrane (Bababola 2010). En-
zymes related to denitrification are known to exist mostly in periplasmic 
space (Choi et al. 2004). This organism has been used for field application 
for growth promotion and disease management in some tea plantations 
(Chakraborty et al. 2009). Ochrobactrum anthropi TRS-2 isolated from the 
rhizosphere of tea, produces siderophores, and IAA in-vitro. These bacteria 
have biological control and growth promoting capability (Chakraborty et al. 
2009).  
Biological control is one of the alternatives to control the fungal plant 
pathogen S. sclerotiorum. This chapter investigated the relative efficacy of 
potential F-BCAs and B-BCAs to control S. sclerotiorum in the laboratory. Ef-




inhibit the radial mycelial growth of the pathogen and their ability to sup-
press the formation of the survival body, namely sclerotia. 
Knowledge on the mechanism and efficiency of the new isolates of 
BCAs will be very important to determine the best candidates for BCAs. The 
survival of the phytopathogenic pathogen, S. sclerotiorum, depends on the 
production and viability of sclerotia. Therefore, to control this pathogen, the 
key is to reduce production of sclerotia.  
In-vitro experiments indicated that fifteen isolates of potential F-BCAs 
were able to inhibit radial mycelial growth and reduce sclerotia formation by 
the pathogen. Inhibition of mycelial growth of the pathogen ranged from 
46% - 60%. Formation of sclerotia decreased due to reduced viability of my-
celia. The number of sclerotia decreased significantly with the presence of F-
BCAs. Suppressiveness of sclerotia formation ranged from 65% - 100% in 
the presence of F-BCAs. One possible mechanism of biological control in the 
in-vitro experiment was competition for space and nutrients. Due to competi-
tion for space and nutrients, the radial mycelial growth of pathogen was not 
optimal and therefore there were not enough mycelia to form sclerotia. 
Abdullah et al. (2008) reported that T. harzianum, showed the ability to 
control both growth and production of mycelia and sclerotia by the pathogen 
where they tested the growth of mycelium of S. sclerotiorum and F-BCA in 
the same plate. This in-vitro study showed that T. harzianum had a 
mycoparasitic effect on the pathogen. Their results confirmed that local BCAs 
have similar or slightly lower potential compared to commercial BCAs, such 




They also found that BCAs, such as T. harzianum, overgrew the mycelium of 
S. sclerotiorum seven days after inoculation. Due to competition, it was 
found that mycelium of S. sclerotiorum also grew vertically towards the top 
of the Petri dishes (Abdullah et al. 2008). Furthermore, microscopic 
examination indicated that hyphae of S. sclerotiorum tried to breach the 
barrier of T. harzianum hyphae by developing “rhizomorph-like mycelia” 
(Abdullah et al. 2008). Moreover, they also found that scanning electron 
microscopy showed coiling hyphae of T. harzianum producing “hook-like and 
appresoria-like” structures that enable the penetration of S. sclerotiorum 
hyphae. This kind of interaction indicated that there is a parasitism 
mechanism. In addition, it was also found that T. harzianum not only 
colonizes and destroys the hyphae and sclerotia that are formed by S. 
sclerotiorum, but also inhibits the formation of new sclerotia (Abdullah et al. 
2008). F-BCA such as Trichoderma also produces extracellular cell wall 
degrading enzymes (CWDE) which are included in the mechanisms of myco-
parasitism due to direct physical contact with the pathogen (Abdullah et al. 
2008). 
In addition, in-vitro experiments also showed that B-BCAs also have 
the ability to inhibit radial mycelial growth of the pathogen up to 60% and 
reduced the formation of sclerotia up to 95%. A possible mechanism of sup-
pressiveness by B-BCAs in-vitro is the production of antibiotics, although fur-
ther investigation is needed to determine if antibiotics were produced by the 
local WA B-BCAs. Raaijmakers et al. (2002) argued that antibiotics produced 




suppression of various soil borne pathogens. Abdullah et al. (2008) reported 
that B. amyloliquefaciens has the ability to control both radial mycelial 
growth of S. sclerotiorum as well as reduce the number of sclerotia formed 
by the pathogen and that B. amyloquefaciens had an antibiosis effect. 
Factors that can influence antibiotic production by B-BCAs include 
oxygen, temperature, carbon substrate, nitrogen sources and microelements 
(Raaijmakers et al. 2002). Moreover, factors affecting the production of 
antibiotics were the host plant, the pathogen, the indigenous micro flora, and 
the cell density of the producing strain (Raaijmakers et al. 2002). The ability 
of F-BCAs and B-BCAs isolated from WA to inhibit the radial mycelial growth 
of the pathogen and suppress the formation of sclerotia (especially isolate 12 
which had fast growth rate and produced the highest number of sclerotia) is 
evidence that local BCAs have potential to be used in biological control of S. 
sclerotiorum. However, the efficacy of F-BCAs and B-BCAs needs 






Chapter 6: Biological Control of Sclerotinia 
sclerotiorum: In-planta Studies 
6.1 Introduction 
Biological control is a potential management strategy for SSR disease 
on canola (Bolton et al. 2006). Jain et al. (2011) argue that BCAs are the 
most economically feasible and practical strategy to reduce inoculum of S. 
sclerotiorum. Previous research has looked for novel BCAs and Trichoderma 
isolates have been the preferred choice (Boland and Hall 1994, Matroudi and 
Zamani 2009). Colonies of T. harzianum, T. atroviride and T. longibrachiatum 
always grew faster than S. sclerotiorum in single or mixed cultures (Matroudi 
and Zamani 2009). Rapid growth is one of the important competitive 
advantages antagonistic fungi have over plant pathogenic fungi. It enables 
them to compete for space and nutrients. In dual cultures, the three 
Trichoderma species inhibited the mycelial growth of S. sclerotiorum. The 
greatest growth reduction of 93% and 85% was caused by T. atroviride 
against two isolates of S. sclerotiorum (Matroudi and Zamani 2009).  
Research to investigate the efficacy of Trichoderma spp. in reducing 
sunflower head rot caused by S. sclerotiorum has been evaluated in the field. 
Application of Trichoderma was successful in reducing disease incidence in 
environments highly conducive to head rot development (Escande et al. 
2002). Some BCAs have been shown to reduce the number of sclerotia of S. 
sclerotiorum in soil and on SSR on soybean in Michigan USA. Those BCAs 




Streptomyces lydicus WYEC 108 (Actinovate®AG), Trichoderma harzianum T-
22 (PlantShield®HC) and Bacillus subtilis QST 713 (Serenade®MAX) (Zeng et 
al. 2012). Coniothyrium minitans was the most effective BCA in reducing the 
number of sclerotia in the soil and on SSR in soybean. Furthermore, C. 
minitans was found to reduce disease severity index (DSI) by 68.5% and the 
number of sclerotia in the soil by 95.3%. Streptomyces lydicus and T. 
harzianum reduced DSI by 43.1% and 38.5% and sclerotia in soil by 90.6% 
and 70.8%, respectively. However, B. subtilis only had a marginal effect on 
S. sclerotiorum (Zeng et al. 2012).   
Strain CON/M/91-08 is an efficient BCA and Zeng et al. (2012) 
suggested its commercial use be extended to managing diseases caused by 
S. sclerotiorum. They also found that another strain of C. minitans, isolate 
W09 from Michigan soils, worked as efficiently as the commercial strain in 
colonization of sclerotia but with a faster growth rate. These findings were 
preliminary results for biological control products newly isolated from soils. In 
Australia, exploration for local BCAs from canola growing areas has been 
conducted in New South Wales. At least three potential bacterial BCAs that 
showed promising control of S. sclerotiorum were found, namely Bacillus ce-
reus SC-1, B. cereus P-1 and B. subtilis W-67 (Kamal et al. 2015). 
The effectiveness of BCAs in controlling the SSR disease on canola in 
WA has not been studied in the field, nor are commercial BCAs available in 
WA, therefore this investigation is the first report on the efficacy of BCAs on 
canola in WA. Although previous study found other potential bacterial BCAs 




different due to different climate and soil conditions in WA to be explored. 
The objective of this chapter was to investigate the efficacy of newly identi-
fied local F-BCAs and B-BCAs in controlling SSR disease on canola under WA 
field conditions. This chapter is the first report on the application of BCAs in 
the field in WA. 
6.2 Materials and methods 
6.2.1 Isolates of Sclerotinia sclerotiorum   
Isolates of S. sclerotiorum which were used for field experiments were 
selected from pathogen collections (isolates 7, 12 and 132). Isolate 7 was 
used in field experiment 1 in 2014, while isolates 12 and 132 were used in 
field experiments 2 and 3 in 2015. The selection of those isolates was pre-
dominantly based upon their fastest radial mycelial growth in Petri dishes, 
formed highest number of sclerotia in-vitro, and highest pathogenicity rate 
on canola seedlings.  
6.2.2 Isolates of biological control agents 
The BCA isolates used in field experiment 1 in 2014 were F-BCA1, F-
BCA2, B-BCA1, and B-BCA2. The BCA isolates used in field experiments 2 and 
3 in 2015 were F-BCA3, F-BCA9, B-BCA1, and B-BCA3. 
6.2.3 Host plant 
  Canola cv. Crusher was selected for field experiment 1 in 2014, whilst 




The selected cultivars were chosen as they were the commercial cultivars be-
ing used in the site trial program by DAFWA in those respective years. 
6.2.4 Glasshouse experiment 
In the glasshouse, canola plants were grown in 30 cm diameter pots. 
Each pot had one canola plant. A potting mix 
(http://www.baileysfertiliser.com.au/) was used as the growth medium in the 
glasshouse, each pot was mixed with one spoon of NPK fertilizer before sow-
ing. The trial in glasshouse was done at the same time with the field experi-
ments, therefore temperature of glasshouse were similar to field conditions. 
The plants were watered as required. The aim of glasshouse work was to 
sample and observe petal dynamics in order to compare with the field exper-
iments.  
6.2.5 Field experiments 
6.2.5.1 Field experiment 1 
Field experiment 1 was conducted during the rainfed growing season 
of 2014 at DAFWA South Perth Field plot area (31o59’19.698”, 
115o53’5.172”). The experiment was established as a Randomized Complete 
Block Design (RCBD) consisting of seven treatments with three replications. 
Individual plot size was 2 x 2 m2. Details of treatments are shown in Table 
6.1. Seed was sown by hand to a depth of 1 cm on the 29 May 2014 with the 
seeding rate of 2.5 kg/ha. Fertilizer was applied based on common use for 
canola in Australia: 110 kg N ha-1, 15 kg P ha-1, 12 kg K ha-1, and 20 kg S ha-




Sclerotia were surface sterilized in 1% (v/v) sodium hypochlorite for 2 
min and 70% ethanol for 4 min followed by three rinses in sterile distilled 
water for 2 min. The clean sclerotium was bisected and transferred to potato 
dextrose agar (PDA; Oxoid) amended with 10 g L-1 peptone (Sigma Aldrich) 
in a 90 mm diameter Petri dish and incubated in a growth chamber at 22°C 
for 3 days. A single mycelial plug arising from the sclerotium was cut from 
the culture and transferred to fresh PDA and incubated for 3 days. Several 
mycelial discs of 5 mm in diameter were cut from the culture and stored at 
4°C in sterile distilled water for further studies. A mycelial suspension was 
used to inoculate canola plant. Ten agar plugs of 5 mm diameter were cut 
from the margin of actively growing 3-day-old colonies, transferred to a 250 
mL conical flask containing sterile liquid medium (24 g L-1 potato dextrose 
broth with 10 g L-1 peptone) and placed on a shaker at 250 rpm. The 
inoculated medium was incubated at 22°C for 3 days. Colonies of S. 
sclerotiorum were harvested and rinsed three times with sterile deionized 
water. Prior to the inoculation of plants, the harvested mycelial mats were 
transferred to 150 mL of the liquid medium and homogenized with a blender 
for 1 min at medium speed. The macerated mycelia were then filtered using 
three layers of cheesecloth and suspended in the same liquid medium. 
Finally, the mycelial concentration was counted using a haemocytometer and 
adjusted to required concentration for the experiment.  
Treatments were applied at the 30% flowering stage. Mycelia of F-
BCAs and colony of B-BCAs were sprayed at concentration of ~106 fragment 




and B-BCA were sprayed in each plot. Mycelia of the pathogen were sprayed 
at 100 ml per plot at a concentration of ~106 fragment ml-1. Fungicide Pro-
saro® was sprayed based on the recommended dose of 450 ml/ha (equal to 
0.2 ml/plot and diluted into 100 ml sterile water). The control treatment plots 
were sprayed with water only. The number of infected plants in each plot 
was counted 2 weeks after spraying and harvest yield was measured for 
each plot. 
Table 6.1 Details of treatments for field experiment 1 (growing season 
2014) 
No Treatment 
1 Pathogen only (mycelia of S. sclerotiorum) = PO  
2 Pathogen + Fungicide (Prosaro®) = P-Fc  
3 Pathogen + F-BCA1 = P-FBCA1  
4 Pathogen + F-BCA2 = P-FBCA2  
5 Pathogen + B-BCA1 = P-BBCA1  
6 Pathogen + B-BCA2 = P-BBCA2  
7 Untreated Control = Control  
 
6.2.5.2 Field experiment 2 
Field experiment 2 was conducted during the growing season of 2015 
at DAFWA South Perth Research Station (as above). A Randomized Complete 
Factorial Design (RCFD) was used consisting of sixteen treatments with 
pseudo-replication inside the treatment due to limited space. The details of 
treatments are shown in Table 6.2. Rows were 7 m long. There were 3 buff-
er rows on each side of the treatment rows. Seed used was 0.8 g (approxi-




treatment rows and 15 cm spaced buffer rows. Fertilizer was applied as in 
experiment 1. The BCAs were applied at the green bud stage as a spray. The 
canola plots were inoculated at three different flowering stages: at 10%, 
30% and 50% bloom. Mycelia of F-BCAs and colony of B-BCAs were sprayed 
at concentrations of ~106 fragment ml-1 and ~1010 CFU ml-1, respectively. A 
total of 100 ml suspension of each F-BCA and B-BCA was sprayed in each 
plot. Mycelia of the pathogen were sprayed at 100 ml per plot at a 
concentration of ~1012 fragment ml-1.  
Table 6.2 Treatments of the field experiment 2 (growing season 2015) 
No Treatment 
1 F-BCA1 at green bud followed by pathogen at 10% flowering 
2 F-BCA1 at green bud followed by pathogen at 30% flowering 
3 F-BCA1 at green bud followed by pathogen at 50% flowering 
4 F-BCA2 at green bud followed by pathogen at 10% flowering 
5 F-BCA2 at green bud followed by pathogen at 30% flowering 
6 F-BCA2 at green bud followed by pathogen at 50% flowering 
7 B-BCA1 at green bud followed by pathogen at 10% flowering 
8 B-BCA1 at green bud followed by pathogen at 30% flowering 
9 B-BCA1 at green bud followed by pathogen at 50% flowering 
10 B-BCA2 at green bud followed by pathogen at 10% flowering 
11 B-BCA2 at green bud followed by pathogen at 30% flowering 
12 B-BCA2 at green bud followed by pathogen at 50% flowering 
13 Pathogen at 10% flowering 
14 Pathogen at 30% flowering 
15 Pathogen at 50% flowering 






6.2.5.3 Field experiment 3 
Field experiment 3 was conducted during the growing season of 2015 
at DAFWA South Perth Research Station. The experimental design was a 
Randomized Complete Factorial Design (RCFD) consisting of fifteen 
treatments with pseudo-replication inside the treatment due to limited space. 
The details of treatments are shown in Table 6.3. 
Table 6.3 Treatment of the field experiment 3 (growing season 2015) 
No Treatment 
1 F-BCA at 1 week before pathogen 10% flowering 
2 F-BCA  + pathogen together at 10% flowering 
3 B-BCA at 1 week before pathogen 10% flowering 
4 B-BCA  + pathogen together at10% flowering 
5 F-BCA at 1 week before pathogen at 30% flowering 
6 F-BCA  + pathogen together at 30% flowering 
7 B-BCA at 1 week before pathogen at 30% flowering 
8 B-BCA  + pathogen together at 30% flowering 
9 Pathogen a week before Prosaro® at 10% flowering 
10 Pathogen a week before Prosaro® at  30% flowering 
11 Pathogen + Prosaro® at 10% flowering 
12 Pathogen + Prosaro® at  30% flowering 
13 Pathogen only at 10% flowering 
14 Pathogen only at  30% flowering 
15 Untreated control 
Row length, row spacing, time of seeding and fertilization was as in 
experiment 2. Mycelia of F-BCAs and colony of B-BCAs were sprayed at con-
centrations of ~1012 fragment ml-1 and ~1014 CFU ml-1, respectively. Suspen-




of the pathogen were sprayed, 100 ml per plot, at a concentration of ~1012 
fragment ml-1. Fungicide Prosaro® was sprayed based on the recommended 
dose at 450 ml/ha (equal to 0.32 ml/treatment row and diluted into 100 ml 
sterile water before spraying). All treated rows were sprayed based on each 
treatment.  
For field experiments 2 and 3 in 2015, the number of infected plants 
in each treatment row was counted 2 weeks after inoculation; and seed was 
harvested from each treatment row and middle buffer row at maturity. Petal 
infestation by mycelial fragments of S. sclerotiorum was recorded. Percent-
age of disease incidence on the stem was assessed two weeks after patho-
gen spraying. 
6.2.6 Petal dynamics 
During the 2015 growing season, ten buffer plants in the field experi-
ments and ten plants in the glasshouse were sampled and observed for petal 
dynamics. This experiment was undertaken to observe after how many days 
newly formed flowers drop their petals or how long petals stay in the flower 
once they are formed. This information is useful in defining the spray inter-
vals in case two spray applications are required. Measurements included: 
date of the start of flowering, date of the end of flowering, flowering period 
(from first flowering until the end of flowering) and yield. Plant samples for 
petal dynamics observation in the glasshouse and in the field are shown in 





Figure 6.1 Plant samples (white flag) for petal dynamics observation in 
the glasshouse experiment 
 
Figure 6.2 Plant samples for petal dynamics observation in the field ex-
periment. Pink flag (arrow) is one of the plant samples 
6.2.7 Grain quality 
To investigate the effect of various treatments involving BCA’s on can-
ola quality (percentage of oil and protein content), a 400g sample of canola 
seed was analyzed from each treatment using an Infratec 1226 Analyzer. 




tor and recorded manually. An Infratec 1226 Grain Analyzer is shown in Fig-
ure 6.3. 
 
Figure 6.3 Infratec 1226 Grain Analyzer for quality analysis of canola 
grain from field experiments 2 and 3 in 2015 
6.2.8 Statistical analysis 
Data of infected plants and petal dynamics were analysed using 
GenStat 16® (Release 16, Lawes Agricultural Trust, Rothamsted 
Experimental Station) followed by mean separation by LSD (P≤0.05). Data of 
field experiments 2 and 3 with pseudo-replication were predicted using Re-
stricted Maximum Likelihood (REML) analysis.  
6.3 Results 
6.3.1 Field experiment 1 
There was a clear difference in the appearance of each treatment. 




BCA2 (P-BBCA2) was much greener with denser foliage with greater leaf ar-
ea compared to other treatment plots as shown in Figure 6.4. 
 
Figure 6.4 Crop performances in each treatment of field experiment 1 in 
2014. Treatments P-Fc (Pathogen + Fungicide Prosaro®) and P-BBCA2 
(Pathogen + B-BCA2) had the best appearance with greater leaf area. The 





Observation on disease symptoms in the field during field experiment 
1 revealed that there was very little infection two weeks after inoculation. 
Despite low diseased levels, each plot was harvested for grain yield. ANOVA  
of yield data from field experiment 1 in growing season 2014 showed that 
there was no significant differences (P=0.2744 > 0.05) between treatments 
as shown in Table 6.4. 




d.f. s.s. m.s. v.r. F pr. 




Residual 14 32292.7 
2306.6 
 
Total 20 51959.2 
 
Harvested yield from each treatment is given in Figure 6.5. The figure 
showed that although there was no difference statistically, yield of P-Fc 
(Pathogen + Fungicide Prosaro®) and P-PPBCA2 (Pathogen + B-BCA2) were 
marginally higher compared to other treatments, and yield of PO (pathogen 





Figure 6.5 Seed yield of each treatment from field experiment 1 in grow-
ing season 2014. Values are mean (n=3) 
6.3.2 Field experiment 2 
The canola crop appearance of field experiment 2 is shown in Figure 
6.6. The red arrow indicates the 7 m row which received the pathogen spray 
treatment and it is evident that plants treated with the pathogen were visibly 
less green, had less foliage and smaller leaf area compared to border plants 





Figure 6.6 Canola crops in field experiment 2. The red arrow is the 7 m 
which was treated by spraying pathogen only at 10% of flowering. Photo 
taken during field experiment 2 in growing season 2015 
Effect of each treatment and their interaction from field experiment 2 
in growing season 2015 were predicted using Restricted Maximum Likelihood 
(REML) analysis as shown in Table 6.5. There were highly significant differ-
ences (P<0.001) among the BCAs in controlling SSR disease. There were 
highly significant differences (P<0.001) in disease incidence of SSR with 
application of the pathogen at different flowering stages. In addition, there 
was significant (P<0.001) interaction between BCAs and pathogen applica-





Table 6.5 Effect BCAs spraying and pathogen application during the dif-
ferent flowering stages and their interaction from field experi-











+ Agent 4 44.80 11.20 11.20 <0.001 
+ PATH_Flowering 2 283.85 141.92 141.92 <0.001 
Residual 8 101.19 12.65   
+ Agent.PATH_Flowering 8 101.19 12.65 12.65 <0.001 
Total 14 429.84 30.70   
6.3.3 Field experiment 3 
The canola crop appearance of field experiment 3 is shown in Figure 
6.7. The 7 m row which was sprayed with the pathogen at 30% of flowering 
stage had clear symptoms of SSR disease. Effect of each treatment and their 
interaction from field experiment 3 in growing season 2015 was predicted 
using Restricted Maximum Likelihood (REML) analysis as shown in Table 6.6. 
There was highly significant difference (P<0.001) among the BCAs. Time of 
application of the pathogen was highly significant (P<0.001) but time of 
fungicide application was not significant (P = 0.901 > 0.001). There were 
also highly significant differences between time of application of BCAs 
(P<0.001), but no significant difference (P=0.382>0.001) between interac-
tion of BCAs and time of spraying the pathogen. In addition, there was a sig-






Figure 6.7 Canola crops in field experiment 3. Notice the severe symptoms 
of stem rot 
Table 6.6 Effect of each treatment and their interaction from field experi-











+ Agent 3 59.186 19.729 19.73 <0.001 
+ PATH_Flowering 1 129.170 129.170 129.17 <0.001 
+ Timing_Fungicide 1 0.016 0.016 0.02 0.901 
+ Timing_Agent 2 71.811 35.905 35.91 <0.001 
+ Agent.PATH_Flowering 1 0.764 0.764 0.76 0.382 
+ Agent.Timing_Fungicide 0 0.000 *   
Residual 3 15.211 5.070   
+ Agent.Timing_Agent 3 15.211 5.070 5.07 0.002 
+PATH_Flowering.Timing_Fun
gicide 
0 0.000 *   
+PATH_Flowering.Timing_A
gent 
0 0.000 *   
+Agent.PATH_Flowering.Ti
ming_Fungicide 
0 0.000 *   
+Agent.PATH_Flowering.Ti
ming_Agent 
0 0.000 *   




6.3.4 Petal dynamics 
Data for petal dynamics at first flowering, at first petal drop, and at 
end of flowering, in the field and glasshouse, are given in Figure 6.8.  
 
Figure 6.8 Petal dynamics of canola cultivar Hyola 404 in field and glass-
house experiments. Probability (P) for first flower occurred = 0.063; P for 
first petal drop = 0.412; P for flowering finish = 0.385.  Values are means 
(n=10) ± SE    
 
Figure 6.9 Flowering period of canola cultivar Hyola 404 in a glasshouse 





 Figure 6.9 shows average flowering periods of ten canola plant 
samples in the field and glasshouse experiments, where the mean flowering 
period in the glasshouse was 35 days and in the field was 32 days.  
6.3.5 Grain quality  
Protein and oil contents of canola seed harvested from field experi-
ment 2 in growing season 2015 were analysed and ANOVA results are given 
in Table 6.7. 
Table 6.7 ANOVA analysis for protein and oil quality of canola from field 
experiment 2 in growing season 2015 
Source of varia-
tion 
d.f. (m.v.) s.s. m.s. v.r. F.pr 
Protein 
Green_bud 4  28.9094 7.2274 10.21 0.022 
Flowering_time 2  17.9618 8.9809 12.69 0.019 
Residual 4 (4) 2.8307 0.7077   
Total 10 (4) 24.9000    
Oil 
Green_bud 4  23.2224 5.8056 8.68 0.030 
Flowering-time 2  9.1314 4.5657 6.83 0.051 
Residual 4 (4) 2.6748 0.6687   
Total 10 (4) 18.5600    
Table 6.7 shows that there was a significant effect on the protein con-
tent between treatments due to the application of BCAs during the green bud 
phase (P=0.022<0.05) and also on the application of BCAs during different 




ences in oil content between the treatments from the application of BCAs 
during the green bud phase (P=0.030<0.05), but there was no significant 
difference in oil content between treatments on the application of BCAs dur-
ing flowering (P=0.051 > 0.05). The protein content of the untreated control 
treatement was significantly higher compared to BCAs treatment, but for oil 
content it was significantly lower compared to the other treatments. 
 
Figure 6.10 Protein and oil contents based on the application of BCAs dur-
ing green bud phase from field experiment 2 in growing season 2015. Lsd 
5% level for protein = 1.907 and Lsd 5% level for oil content = 1.854 
Moreover, protein and oil contents based on different flowering stage 
of BCAs application is shown in Figure 6.11. The figure shows that seed pro-
tein content, when the application of BCAs was made at 50% flowering 
stage, was significantly higher compared to application of BCAs at 30% and 
10% flowering stages. The seed oil content was lowest when the BCAs were 





Figure 6.11 Protein and oil contents based on the application of BCAs at 
different flowering stages. Lsd 5% level for protein = 1.477 and lsd 5% 
level for oil content = 1.436 
ANOVA results for seed protein and oil contents for field experiment 3 
are given in Table 6.8. Even though disease was more prevalent (Figure 6.7), 
there was no significant difference in seed protein content between the 
treatments (P=0.854>0.05), spraying time (P=0.850>0.05), and flowering 
stage (P=0.828>0.05). Furthermore, there was no significant difference in oil 
content between treatments (P=0.855>0.05), timing of pathogen application 








Table 6.9 ANOVA protein and oil contents of canola seed harvested from 
field experiment 3 (growing season 2015) 
Source of varia-
tion 
d.f. (m.v.) s.s. m.s. v.r. F.pr 
Protein 
Treat1 2  0.908 0.454 0.16 0.854 
Timing 1  0.112 0.112 0.04 0.850 
Flowering 1  0.147 0.147 0.05 0.828 
Residual 5 (2) 13.980 2.796   
Total 9 (2) 15.129    
Oil 
Treat1 2  0.844 0.422 0.16 0.855 
Timing 1  0.729 0.729 0.28 0.624 
Flowering 1  0.463 0.463 0.18 0.694 
Residual 4 (3) 10.351 2.588   
Total 8 (3) 11.982    
6.4 Discussion 
In field experiment 1 in 2014 that there was very little disease devel-
opment in treatment PO (pathogen only) and disease symptom development 
was hardly observed in other treatments. Thus, in this year, application of 
the pathogen by mycelial spraying was not effective in causing disease de-
velopment. Saharan and Mehta (2008) argued that spraying of ascospores of 
S. sclerotiorum was more effective in causing disease development compared 
to spraying of mycelia. During the preparations for this field experiment, dif-
ficulties in producing ascospores from sclerotia were encountered despite 




inoculum dose of S. sclerotiorum used in experiment 1 may have been sub-
optimal as higher doses were effective in causing disease expression in field 
experiments 2 and 3 in 2015. Pathogen and BCAs were sprayed during the 
late afternoon (after 4 pm) in typical cold weather conditions during the win-
ter season in Perth, Western Australia. 
Field experiment 2 and 3 showed clear disease symptoms on the stem 
perhaps due to higher concentration of pathogen inoculum used in these ex-
periments than in experiment 1. The application of BCAs indicate that local 
WA BCAs have some ability to control SSR disease in the field. Further 
investigation is needed to determine other mechanisms of bio-control such 
as antibiosis and myco-parasitism as well as improving formulations and 
delivery systems.  
Application of BCAs in the field sometimes give unexpected results 
due to factors that can be attributed to the behaviour of BCAs and environ-
mental conditions (Saharan and Mehta 2008). Therefore, multiple trials are 
needed in order to observe the stability of the BCAs and maintenance of their 
virulence against the pathogen. In addition to demonstrating successful 
biological control, detailed studies are required in the fields of ecology, 
biology, biochemistry, genetic make-up and molecular biology in order to 
understand mechanisms of action of BCAs. At present, not only is there lim-
ited knowledge of WA isolates of BCAs but also the population structure of 
the pathogen is not fully known. Optimal BCA strain selection, improved 
formulation and delivery systems are yet to be undertaken. Biological control 




conditions before deployment. Not only must they be effective, BCAs should 
also be economical, easy to use, non-toxic, environmentally safe, meet bi-
osecurity concerns, and be acceptable to regulatory agencies, growers and 
consumers. In this regard, Western Australia has its own biosecurity and 
plant quarantine regulations and commercial BCAs from outside of the state 
would need to be rigorously evaluated before release to primary producers. 
Hence, the identification of effective local BCAs is a priority for research. 
Combinations of some BCAs may increase the possibility of synergetic 
action in suppressing the pathogen (Jain et al. 2011). For example, a triple-
compatible microbial consortium increased enzyme activities and phenol 
accumulation 1.4 to 4.6 times compared with individual and dual consortia 
(Jain et al. 2011). These authors suggest that BCAs interact with host plants 
and pathogens in a way that mimics natural interaction in the rhizosphere. 
Therefore, future research in WA should not only aim to isolate a wider 
range of organisms with antagonistic properties to S. sclerotiorum but also to 
screen multiple combinations of these in laboratory and field trials. 
In this study it was not possible to test the efficacy of the new BCA 
isolates to reduce sclerotial inoculum in the field and to reduce the spread of 
inoculum during agronomic practices in canola production. A great deal of 
work is required in this arena before effective control can be advocated to 
producers. Factors to be considered include: the delivery system for BCAs to 
ensure the organisms survive distribution, storage and application in the 
field; the survival capacity of BCAs after application, through the crop pro-




impacts of variation in climate from year to year. Southwestern Australia is 
particularly prone to climate change with increased weather extremes includ-
ing increased severity of droughts but also increased precipitation during the 
summer fallow season (McDonald 1997). As more disease occurs during wet 
years, excess moisture can also affect plant susceptibility to disease. In 
general, most fungi like warm, moist conditions and a rich nutrient source 
(McDonald 1997).  
Pathogenesis of S. sclerotiorum is complex and not well understood 
(Dickman and Mitra 1992). The fungus produces a wide array of degradative, 
lytic enzymes (e.g., endo and exopectinases, cellulases, hemicellulases, 
proteases) which are believed to facilitate colonization and host cell wall 
degradation (Marciano et al. 1983; Riou et al. 1991). Infection of canola 
pollen by S. sclerotiorum occurs by direct hyphal penetration of cell walls 
without the formation of appressoria or infection cushions. Hyphal 
penetration is more commonly observed through the germinative pores than 
other parts of pollen walls. Plasmolysis and disintegration of the pollen 
cytoplasm occurs as a result of hyphal ramification within the infected pollen 
grains (Huang et al. 1998).  
Saharan and Mehta (2008) argued that ascospores discharged from 
the apothecia at the base of the plants in soil constitute an important 
primary source of infection. Mycelium in soil or mycelium arising from the 
sclerotia are less important initial sources of infection because of the low 
competitive saprophytic ability of the fungus (Newton and Sequeira 1972). 




24 h at 5–30°C, with an optimum range being 5–10°C (Newton and Sequeira 
1972). On germinating, the ascospores give rise to infection hyphae and 
initial penetration of the host tissue takes place directly by mechanical 
pressure through the cuticle or the infection hyphae may penetrate already 
wounded or injured tissue. After entry of the fungus into the host, the 
mycelium ramifies intercellularly or intracellularly causing colonization of 
tissue primarily because of enzymatic dissolution of the cell wall in advance 
and cells die some distance ahead of the invading hyphae. Pectolytic 
enzymes are responsible for tissue maceration indirectly damaging the cell 
membrane, which results in subsequent death of cells (Morrall et al. 1972). 
Rai and Dhawan (1976) and Dhawan and Srivastava (1987) reported 
production of polymethyl galacturonase transeliminase (PGTE) and cellulase 
(CX) enzymes by S. sclerotiorum infecting rapeseed-mustard plants. 
According to them, virulence of different isolates appears to be associated 
with the activity of PMG and CX enzymes.  
Biological control strategies for Sclerotinia disease are dependent on 
the target at different stages in the disease cycle which include reduction of 
initial inoculum; reduction of secondary spread of inoculum; prevention of 
infection in the rhizosphere; prevention of infection in the phyllosphere; and 
reduction of virulence (Saharan and Mehta, 2008). Trichoderma is one of the 
BCAs which has suppressive mechanisms on pathogens through three modes 





Due to no possibility to test the efficacy of the new BCA isolates to re-
duce the sclerotial inoculum load in the field, or to reduce the spread of in-
oculum during agronomic practices in canola production, much work remains 
to be done in this arena before effective control can be advocated to produc-
ers. As mentioned earlier, not only the distribution of effective organisms to 
growers and their delivery to the crop, but also the life-cycle of the beneficial 
organisms need to be understood in an environment where the climate has 





Chapter 7: General Discussion, Conclusions 
and Future Research 
7.1 General discussion 
From the series of experiments carried out, it is possible to draw out 
some general issues relating to WA isolates of S. sclerotiorum, newly identi-
fied WA BCA isolates and their effectiveness in controlling S. sclerotiorum, 
plus some additional comments about biological control of plant diseases. 
The population structure of S. sclerotiorum, as well as variations in virulence 
of isolates, must be considered in disease management systems (McDonald 
1997). Understanding of the genetic structure of fungal populations is 
important if we are to have better disease management and resistance 
screening strategies (Mundt 2014). 
This thesis explored the biological characteristics of WA isolates of S. 
sclerotiorum. The survival body, sclerotium, is the primary source of 
inoculum of the pathogen and it remains viable in the soil for up to 7 years 
(Adam and Ayers 1979, Kora et al. 2008). The number of survival bodies in 
the soil directly affects the ability of the pathogen to infect the next crop. My 
in-vitro research showed that one single sclerotium can produce up to 50 
new sclerotia in two weeks on agar. Better control techniques and more 
environmentally friendly approaches will be very important for long-term 
management and sustainable development of the agricultural sector 
worldwide. This can be achieved by improving knowledge of BCA isolates, 




Sclerotinia stem rot of canola is a monocyclic disease, only one 
disease cycle occurring per year. Spores produced by germinated sclerotia in 
soil can spread from one field to another via wind. Sclerotia play a critical 
role during the growth of S. sclerotiorum. Sclerotia are unique structures for 
asexual transition to sexual development, also they are a key for long-term 
maintenance of infection as well as one of the reasons the disease is difficult 
to manage (Saharan and Mehta 2008). Sclerotia allow the pathogen to 
survive in harsh conditions. The capacity to produce sclerotia could be an in-
dication of the ability of an isolate to survive under various conditions (Sa-
haran and Mehta 2008). Since sclerotia play a vital role as the source of 
inoculum for new disease development, reducing the number of sclerotia in 
soil would be valuable. As sclerotia are the main sources of inoculum in the 
field, controlling growth and spread of sclerotia is the key in reducing disease 
development. A mechanism to reduce the number of sclerotia is to apply 
fungal BCAs such as the commercially available C. minitans which has the 
ability to penetrate sclerotia and inhibit the growth and development of 
mycelia (Saharan and Mehta 2008). However, at the time of this research, 
due to quarantine regulations in WA, it was not possible to introduce com-
mercialized C. minitans from outside WA and therefore commercialized C. 
minitans could not be used in experiments to compare the comparative ef-
fectiveness of BCAs isolated from WA.  
Efforts to identify BCAs has been concerted for over 20 years (Derby-
shire and Denton-Giles 2016), however only a small number of BCAs have 




ing from the fungal and bacterial kingdoms (Derbyshire and Denton-Giles 
2016). Recently it has been shown that viral particles can also be applied to 
control the growth of S. sclerotiorum (Yu et al. 2013). Regarding fungi, much 
attention has been given to Trichoderma harzianum which can be parasitic 
on S. sclerotiorum (Debyshire and Denton-Giles 2016). This taxon parasitises 
both the sclerotial and hyphal growth stages of S. sclerotiorum (Abdullah et 
al. 2008, Troian et al. 2014). Kowsari et al. (2014) reported that anaylsis of 
gene expression during parasitization by Trichoderma sp. suggests that fun-
gal cell wall-degrading enzymes, such as chitinase Chit42, are actively pro-
duced by T. harzianum. My research in Australia identified other species of 
Trichoderma namely T. koningiopsis, T. paraviridescens, T. gamsii, T. longi-
brachiatum, T. atroviride, T. viridescens and T. pseudokoningii. These taxa 
were able to inhibit the radial mycelial growth of S. sclerotiorum by 40 – 
60% and reduce the number of sclerotia formed by the pathogen in dual cul-
ture tests in Petri dishes by 65 – 100%. Moreover, observations on sclerotia 
in soil indicated that sclerotia were colonized by the spores of each F-BCA 
and all sclerotia in the presence of F-BCAs were unable to form any new 
sclerotia when re-isolated from soil and growth in Petri dishes.   
In addition to antagonistic fungi, many bacterial mycoparasites have 
been identified as potential BCAs to control S. sclerotiorum, such as Bacillus 
subtilis (Hu et al. 2005, Hou et al. 2006, Chen et al. 2014, Gao et al. 2014, 
Hu et al. 2014), B. amyloliquefaciens (Abdullah et al. 2008, Wu et al. 2014), 
B. megaterium (Hu et al. 2013), Pseudomonas fluorescens (Aeron et al. 




2007, Selin et al. 2010), Serratia plymuthica (Thanning et al. 2001), and 
Streptomyces platensis (Wan et al. 2008) and S. lydicus (Zeng et al. 2012). 
The majority of the bacterial BCA’s that have been characterized target the 
ascospores and growing hyphae of S. sclerotiorum (Savchuk and Fernando 
2004) which contrasts with the mode of action for fungal BCAs mentioned 
earlier. 
Research conducted in eastern Australia with Bacillus cereus (SC-1 
and P-1) and B. subtilis (W-67), using in-vitro antagonism assays, showed 
that mycelial elongation and sclerotial germination were completely inhibited 
by both non-volatile and volatile metabolites (Kamal et al. 2015). My re-
search in Western Australia showed that Serratia proteamaculans and 
Ochrobactrum anthropi reduced radial mycelial growth of S. sclerotiorum by 
57 - 59% and reduced sclerotial formation by 89 - 95%, but complete inhibi-
tion of growth was not achieved. Effects of volatile metabolites from S. pro-
teamaculans and O. anthropi were also observed during the experiment and 
indicated some ability to inhibit mycelial elongation and sclerotial germination 
of S. sclerotiorum. Further research on volatiles using GC-MS could be under-
taken in the future. Also, it would be interesting to compare the eastern and 
western isolates in the future to determine whether certain types of volatile 
compounds could be used for early screening of potentially effective BCAs. 
In the future it is likely that biological control will play a more 
important role in sustainable agriculture in Australia. Biological control is an 
environmentally friendly way to control plant disease as it can be a substitute 




the use of biological control in agriculture is very limited. One of the main 
limiting factors is the limited availability of BCAs that have been fully tested 
and shown to be adapted to local conditions. Therefore, research on 
potential BCAs will be invaluable for the continued development of eco-
friendly agriculture. One of the successful efforts in development of biological 
control was the use of products based on a single strain of T. harzianum 
strain T-22 (a.k.a. 1295-22, KRLAG2, or ATCC 20847), which has been widely 
used in greenhouses, row crops, and turf industries (Harman 2000). In addi-
tion, the antagonistic fungus C. minitans has been used as a BCA, specifically 
as a sclerotial mycoparasite, reducing plant disease caused by S. 
sclerotiorum. Production and application methods, integrated control, 
ecology, and modes of action have been studied in order to understand the 
biology of the mycoparasite and to enhance activity and reproducibility of 
use (Whipps et al. 2008).  
Some bacterial BCAs are known to have the potential to control plant 
pathogens. Particular bacteria produce antifungal antibiotics, elicit induced 
systemic resistance in the host plant or interfere specifically with fungal 
pathogenicity factors (Haas and Défago 2005). Certain strains prevent infec-
tious diseases of plant roots in natural environments. Strains of fluorescent 
pseudomonads achieve this protection from pathogenic fungi (Haas and Dé-
fago 2005). These strains produce antifungal antibiotics, elicit induced sys-
temic resistance in the host plant or interfere specifically with fungal patho-
genicity factors. They go through several regulatory processes at the tran-




Research on biological control has been studied for a long time (Haas 
and Défago 2005, Li et al. 2015), however the adoption and commercial use 
of biological control has been very slow. One reason is that the effectiveness 
of fungal and bacterial BCAs can be unstable in the field. However, research 
has improved over time, although the percentage of application of BCAs 
recently in agriculture is still very low compared to conventional practices 
such as the use of fungicides (Derbyshire and Denton-Giles 2016). Recent 
studies however suggest exciting opportunities for their future deployment 
(Derbyshire and Denton-Giles 2016, Li et al. 2015). 
Biological control strategies for Sclerotinia disease vary according to 
the different stages in the disease cycle. These strategies include: reduction 
of initial inoculum; reduction of secondary spread of inoculum; prevention of 
infection in the rhizosphere; prevention of infection in the phyllosphere and 
reduction of virulence (Saharan and Mehta 2008). Trichoderma is a BCA 
which suppresses the pathogen through three modes of action: rhizosphere 
competition, antibiotic synthesis and myco-parasitism.  
7.2 Conclusions  
On the basis of the results presented in this thesis and implications 
discussed in this and previous chapters, the following conclusions are 
reached: 
a. The 140 isolates of S. sclerotiorum collected from WA canola growing 
areas showed significant differences for growth rates on PDAA medium 




colony). The number of isolates used during this research was much 
greater than the 8 isolates previously studied in WA. These results pro-
vide clear evidence of biological variation among the isolates.  
b. Pathogenicity and MCG data of isolates are very important in order to 
understand the characteristics of the pathogen and to explore better 
ways to manage it in the farming system. The research demonstrated 
variability among WA isolates of S. sclerotiorum in pathogenicity and my-
celial compatibility tests. There were, for example, significant differences 
in mortality of canola seedlings among isolates at 48 hours after 
incubation in a misting chamber, with 5 isolates of S. sclerotiorum caus-
ing 100% seedling mortality and 26 isolates causing 0% mortality. After 
seedlings were returned to a growth room for another 48 hours, 33 
isolates caused 100% seedling mortality. Thirty one isolates of S. 
sclerotiorum, representative of a range of pathogenicity levels, were 
used for MCG tests and were classified into 9 mycelial compatibility 
groups. These results provide further evidence of biological variation 
among S. sclerotiorum  in WA based on larger samples from wider cov-
ered area. 
c. Fifteen potential fungal BCAs and three potential bacterial BCAs were iso-
lated from WA canola growing areas. The fungal BCAs inhibited in-vitro 
radial mycelial growth of S. sclerotiorum by up to 60% and reduce scle-
rotial formation in-vitro by up to 100%. The bacterial BCAs inhibited in-
vitro radial mycelial growth of the pathogen by up to 60% and sclerotial 




Trichoderma. These results were the first report of fungal and bacterial 
BCAs for controlling S. sclerotiorum on canola in WA. 
d. Three field experiments were undertaken with canola to evaluate efficacy 
of BCAs. In experiment 1, crop appearance of treatments sprayed with 
fungicide Prosaro® (P-Fc) and bacterial suspension of BCA2 (P-BBCA2) 
were much greener than the other treatment plots. However, no SSR 
disease symptoms were observed and there were no yield differences 
between treatments at harvest.  
e. In experiment 2, there were differences among the BCAs in controlling 
SSR disease and there was an interaction between BCAs and the flower-
ing stage of pathogen application. The seed protein content of the un-
treated control treatment was significantly higher than the BCA treat-
ments, but the oil content was the reverse.  
f. In experiment 3, clear symptoms of SSR disease were apparent when 
the canola crop was sprayed with the pathogen. There were significant 
effects among the BCAs and time of application of the pathogen but time 
of fungicide application was not significant. Seed protein contents of 
plots receiving BCAs at 50% flowering stage were significantly higher 
than application of BCAs at 30% and 10% flowering stages. The seed oil 
content was lowest when the BCAs were applied at 50% flowering, but 
highest when the BCAs were applied at 10% flowering. As seed oil con-
tent is one of the commercial parameters of oil seed quality, these re-
sults gave us guidelines that application of BCAs at 10% flowering could 




7.3 Future research 
Whilst this thesis has contributed to an increased understanding of 
WA isolates of S. sclerotiorum and has provided new findings about local WA 
fungal and bacterial BCAs, there are many questions that remain unan-
swered and further research is required. The following issues are considered 
to be particularly important for future research in order to obtain a better 
understanding of the pathogen and the role of fungal and bacterial BCAs in 
controlling S. sclerotiorum, which in turn could improve existing Sclerotinia 
management strategies in WA.  
a. General advancement of the science. In order to have successful 
biological control, detailed studies are required on the ecology, biology, 
biochemistry, genetic make-up and molecular biology in order to 
understand mechanisms of action of BCAs. At present, not only is there 
limited knowledge of WA isolates of BCAs but also the population struc-
ture of the pathogen is not fully known. Optimal BCA strain selection, 
improved formulation and delivery systems are yet to be undertaken. 
Biological control products should be extensively evaluated with robust 
testing under local conditions before deployment. Not only must they be 
effective, BCAs should also be economical, easy to use, non-toxic, envi-
ronmentally safe, meet biosecurity concerns, and be acceptable to regu-
latory agencies, growers and consumers. 
b. Application of consortia of BCAs. Combinations of some BCAs may 




(Jain et al. 2011). For example, a triple-compatible microbial consortium 
increased enzyme activities and phenol accumulation 1.4 to 4.6 times 
compared with individual and dual consortia (Jain et al. 2011). These au-
thors suggest that BCAs interact with host plants and pathogens in a way 
that mimics the natural interaction in the rhizosphere. Therefore, future 
research in WA should not only aim to isolate a wider range of organisms 
with antagonistic properties to S. sclerotiorum but also to screen multiple 
combinations of these in laboratory and field trials. 
c. Possibility to extract and identify of biologically active metabo-
lites and test in vitro with the pathogen. As effective BCAs produce 
metabolites that are active against the target pathogen (Derbyshire and 
Denton-Giles 2016), it should be possible to extract and identify com-
pounds with biological activity for suppressing the pathogen. A large 
population of fungal and bacterial isolates could then be screened to test 
potential WA BCAs to control other fungal plant pathogens on canola, 
such as black leg, and to extend the research to other brassicas being 
grown commercially in WA.  
d. Application of BCAs to reduce sclerotia in stubble and soil. In this 
study it was not possible to test the efficacy of the new BCA isolates to 
reduce sclerotial inoculum in the field and to reduce the spread of inocu-
lum during agronomic practices in canola production. A great deal of 
work is required in this arena before effective control can be advocated 
to producers. Factors to be considered include: the delivery system for 




tion in the field; the survival capacity of BCAs after application, through 
the crop production period, through seasons, and across crop rotations; 
and potential impacts of variation in climate from year to year. South-
western Australia is particularly prone to climate change with increased 
severity of droughts but also increased precipitation during the summer 
fallow season. As more disease occurs during wet years, excess moisture 







Appendix 1.  Media used during the experiments 
1. Potato Dextrose Agar + Chlortetracycline (PDAA) 
- Potato Dextrose Agar (BD 213400) : 39g/l 
- Chlortetracycline (MP Biomedicals) : 40mg/l 
- Sterilisation 121oC/15min 
2. Peptone Yeast Dextrose Agar (PYDA) 
- Peptone (Bacteriological) Oxoid LP0037 : 2g/l 
- Yeast Extract (BD 212750)   : 2g/l 
- Dextrose (Sigma G5767)   : 5g/l 
- Bacto Agar (BD 214010)   : 15g/l 
- Sterilisation 121oC/15min 
3. Potato Dextrose Agar + Streptomycin & Ampicillin (PDSA) 
- Potato Dextrose Agar (BD 213400) : 39g/l 
- Streptomycin Sulphate (Sigma S6501) : Final conc. 25mg/ml 
- Ampicillin (Sigma A9518)   : Final conc. 50mg/ml 
- Sterilisation 121oC/15min 
4. Liquid Medium (LM) 
- Yeast extract (BBLTM)   : 10g/l 
- Sucrose (Univar)    : 10g/l 
- Sterilisation 115oC/20min 
5. Soil for pot experiment 






Appendix 2.  List of selected isolates of S. sclerotiorum 
Number of 
Isolate 
Name of Isolate Year of isolation 
1 Telfer SLW 7 (4016) 2012 
2 Sample 77 2009 
3 10CH08 Thumper 19 2010 
4 Telfer SLW 4 (1010) 2012 
5 10CH08 Thumper 24 2010 
6 Thumper Nil 13 2012 
7 Thumper Nil 24 2012 
8 Brindle Prosaro 209 2012 
9 Royce 5 Prosaro 203 2012 
10 Cobbler Nil 3 2012 
11 11CH08 Thumper 24 2011 
12 Ger PK Big Var 404 (3) 2012 
13 11CH08 Thumper 10 2011 
14 Cobbler Nil 16 2012 
15 Ger PK Big Var 404 (25) 2012 
16 11CH08 Thumper 31 2011 
17 501 Cobbler Rep 3 2012 
18 Thumper Nil 3 2012 
19 Cobbler Nil 24 (2) 2012 
20 Rowe 102 2012 
21 Telfer SLW 7 (4016) 2012 
22 Telfer Nil 17 2012 
23 Telfer Ref 3 (9) 2012 
24 Cobbler Nil 8 2012 
25 Treasure Bootnil UTL 219 2012 
26 Cobbler Nil 12 2012 





28 Rowe 102 2012 
29 Cobbler Nil 16 2012 
30 Hanersley 104 2012 
31 Moffat 98 2012 
32 Thumper Nil 3 2012 
33 11CH28 Cobbler B2 (3) 2011 
34 Telfer Last Week 3 2012 
35 11CH08 Thumper 7 2011 
36 501 Cobbler Rep 3 2012 
37 Telfer 5 2012 
38 Smart Chapman 3 2012 
39 Thumper Nil 24 2012 
40 Thumper Nil 13 2012 
41 Cobbler Nil 6 2012 
42 Cobbler Nil 7 2012 
43 Cobbler Nil 9 2012 
44 Sample 61 2009 
45 Cobbler 59 Rep 3 2012 
46 Sample 60 2009 
47 Cobbler Nil 18 2012 
48 Telfer Ref 2 2012 
49 Telfer Nil 5 2012 
50 12CH18 Telfer 30% Rep 4-4 2012 
51 Sample 18 2009 
52 Sample No 2 2009 
53 Telfer 4 2012 
54 Telfer 8 Rep 3 2012 
55 Cobbler Nil 5 2012 
56 Telfer SLW 4 (1010) 2012 
57 Telfer SLW 8 (2012) 2012 





59 Smart Chapman 6 2012 
60 11CH08 Thumper 7 2011 
61 11CH08 Thumper 31 2011 
62 501 Cobbler Rep 3 (2) 2012 
63 501 Cobbler Rep 3 (5) 2012 
64 501 Cobbler Rep 3 (8) 2012 
65 501 Cobbler Rep 3 (9) 2012 
66 Cobbler Nil 2 2012 
67 Cobbler Nil 9 2012 
68 Thumper Nil 12 2012 
69 Cobbler Nil 8 2012 
70 Telfer Rep 3 (1) 2012 
71 11CH08 Thumper B1/126 2011 
72 11CH08 Thumper B1/132 2011 
73 11CH08 Thumper B2/134 2011 
74 11CH08 Thumper B2/137 2011 
75 11CH08 Thumper B3/139 2011 
76 11CH08 Thumper B3/140 2011 
77 11CH08 Thumper B4/142 2011 
78 11CH08 Thumper B5/143 2011 
79 11CH08 Cobbler  B1/144 2011 
80 11CH08 Cobbler B1/145 B 2011 
81 11CH08 Thumper B1/127 2011 
82 11CH08 Thumper B1/128 2011 
83 11CH08 Thumper B1/129 2011 
84 11CH08 Thumper B1/130 2011 
85 11CH08 Thumper B1/131 2011 
86 11CH08 Thumper B2/135 2011 
87 11CH08 Thumper B2/136 2011 
88 11CH08 Thumper B2/138 2011 





90 11CH08 Cobbler B1/148 2011 
91 11CH08 Cobbler B1/150 2011 
92 11CH08 Cobbler B1/151 2011 
93 11CH08 Cobbler B1/152 2011 
94 11CH08 Cobbler B2/153 2011 
95 11CH08 Cobbler B2/154 2011 
96 11CH08 Cobbler B5/155 2011 
97 11CH08 Cobbler B2/156 2011 
98 11CH08 Cobbler B2/158 2011 
99 11CH08 Cobbler B2/159 2011 
100 11CH08 Cobbler B2/160 2011 
101 11CH08 Cobbler B2/161 2011 
102 11CH08 Cobbler B2/162 2011 
103 11CH08 Cobbler B3/163 2011 
104 11CH08 Cobbler B3/164 2011 
105 11CH08 Cobbler B3/165 2011 
106 11CH08 Cobbler B3/166 2011 
107 11CH08 Cobbler B3/168 2011 
108 11CH08 Cobbler B3/169 2011 
109 11CH08 Cobbler B3/170 2011 
110 11CH08 Cobbler B3/171 2011 
111 2013 Mungi 2 2013 
112 2013 Mungi 3 2013 
113 2013 Mungi 4 2013 
114 2013 Munglinup 4 2013 
115 2013 Mungi 5 2013 
116 2013 Mungi 7 2013 
117 2013 Green Range 1 2013 
118 2013 Green Range 4 2013 
119 2013 Green Range 5 2013 





121 2013 Mungi 1 2013 
122 2013 Mungi 6 2013 
123 2013 Munglinup 1A 2013 
124 2013 Munglinup 5B 2013 
125 2013 Badgi 1 2013 
126 2013 Badgi 2 2013 
127 2013 Badgi 4 2013 
128 2013 Badgi 13 2013 
129 2013 Green Range 2 2013 
130 2013 Green Range 3 2013 
131 2013 Mt Barker 1 2013 
132 2013 Mt Barker 2 2013 
133 2013 Mt Barker 3 2013 
134 2013 Mt Barker 4 2013 
135 2013 Kojaneerup 1 2013 
136 2013 Kojaneerup 3 2013 
137 2013 Kojaneerup 4 2013 
138 2013 Kojaneerup 7 2013 
139 2013 Kojaneerup 8 2013 
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